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This thesis presents detailed investigation of UV inscribed fibre grating based devices 
and novel developments in the applications of such devices in optical sensing and 
fibre laser systems.   The major contribution of this PhD programme includes the 
systematic study on fabrication, spectral characteristics and applications of different 
types of UV written in-fibre gratings such as Type I and IA Fibre Bragg Gratings 
(FBGs), Chirped Fibre Bragg Gratings (CFBGs) and Tilted Fibre Gratings (TFGs) 
with small, large and 45º tilted structures inscribed in normal silica fibre. Three 
fabrication techniques including holographic, phase-mask and blank beam exposure 
scanning, which were employed to fabricate a range of gratings in standard single 
mode fibre, are fully discussed.   
 
The thesis reports the creation of smart structures with self-sensing capability by 
embedding FBG-array sensors in Al matrix composite. In another part of this study, 
we have demonstrated the particular significant improvements made in sensitising 
standard FBGs to the chemical surrounding medium by inducing microstructure to the 
grating by femtosecond (fs) patterning assisted chemical etching technique. Also, a 
major work is presented for the investigation on the structures, inscription methods 
and spectral Polarisation Dependent Loss (PDL) and thermal characteristics of 
different angle TFGs.  
 
Finally, a very novel application in realising stable single polarisation and 
multiwavelength switchable Erbium Doped Fibre Lasers (EDFLs) using intracavity 
polarisation selective filters based on TFG devices with tilted structures at small, large 
and exact 45° angles forms another important contribution of this thesis. 
 
Key words: fibre Bragg grating, chirped fibre Bragg grating, tilted fibre grating, 
optical fibre sensor. 
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1.1. Introduction 
 
After the discovery of low loss optical waveguide in 1960 [1], fibre optics have been 
developed in such an extent that over last few decades, the use of optical fibres has 
revolutionised the way the world exchanges and processes information. The feasibility 
of handling over 25 trillion bits of data per second across oceans to different sectors of 
our society and providing high-speed communications that impacts all facets of 
modern life are consequences of optical fibres, substituting copper wires as the 
transmission medium. 
Due to the advantages of non-electromagnetic interference, light weight, flexibility, 
low-loss and high temperature tolerance, optical fibres not only have developed and 
commersialised in optical communications but also underpinned the fast growing 
technology of sensing and metrology. 
 
Optical fibre gratings have become one of the most important components in optical 
communication and sensing since their discovery in 1978 by Hill et.al at the Canadian 
Communications Research Centre (CRC) [2]. There are two major categories for fibre 
gratings named as FBGs and LPGs. The period of an FBG is approximately half a 
micrometer whereas the period of an LPG is typically several hundred micrometers. 
According to well known coupled-mode theory, in FBGs the guided mode will be 
coupled into the corresponding backward mode [2, 3] while LPGs induce 
codirectional coupling in which the guided mode will be coupled to the cladding 
modes.  Further advances in UV-inscription technology and variety of novel fibres 
have led to the generation and development of fibre gratings with new and 
complicated structures that offer novel applications in communication and optical 
sensing. 
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Smart grating based sensors with functions superior to their conventional counterparts 
have a demonstrated capability of measuring and encoding a wide range of physical, 
chemical and biochemical data and being used for structure health monitoring across 
numerous industrial sectors including aerospace, civil, oil and gas, power and nuclear, 
etc.  This thesis will review the smart functions of optical fibre gratings with different 
structures and illustrate their novel applications in optical sensing and laser systems. 
Predicted dramatic advances that will provide many, further social and economic 
benefits on one hand and the increasing demand for high function devices for a broad 
range of applications on the other hand are the motivations of this thesis. 
 
1.2. Structure Of Thesis 
 
This thesis describes the fundamentals, various fabrication techniques, versatile 
structures and different novel applications of fibre gratings. Chapters 1, 2 and 3 
provide the introduction and a comprehensive discussion on fundamentals, inscription 
methods, spectral response and characteristics of different type gratings which assist 
the reader to understand the concept of fibre gratings and their applications in 
subsequent chapters. Chapters 4, 5 and 6 each describe individual novel applications 
for the advanced fabricated gratings and chapter 7 provides the thesis conclusion and 
suggests some research works for future.  The contents of each chapter are as follows: 
 
Chapter 1 explains the motivation and the structure of the thesis. 
 
Chapter 2 gives a historical overview on the fundamentals and theoretical concept of 
fibre gratings with emphases on mode coupling theory and phase-matching conditions 
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for gratings of different structures. This chapter also covers the description of 
photosensitivity in optical fibre and a brief introduction to few popular 
photosensitising techniques. 
 
Chapter 3 introduces the in-fibre grating inscription methods, fabrication and detailed 
characterisation of fibre gratings with novel structures including type I and IA, 
Chirped Fibre Bragg Gratings (CFBG) and Tilted CFBG (TCFG), Tilted Fibre 
Gratings (TFGs) with small, medium and large tilt angles.  Comparative 
investigations of hydrogen diffusion and temperature characteristics of type I-IA 
gratings written in three different types of fibre, SM1500, B/Ge and PS 1250/1500 are 
presented. 
 
Chapter 4 illustrates the application of optical fibre gratings in distributed sensing area 
employing embedded FBG arrays into metal composites. This chapter addresses the 
first time fabrication of embedded FBG array sensors in metal matrix composite 
employing the ultrasonic consolidation technique. The FBG embedded sandwich 
structure has been subjected to thermal, loading and bending measurements and 
performed the self-sensing capability, which is beneficial for a range of applications 
including monitoring the operation and health of engineering structures.   
 
 
Chapter 5 forms one of the major contributions to this thesis on implementation of 
optical Refractive Index (RI) sensors utilising CFBGs and FBG with modified 
structures by fs laser inscription and chemical etching. The chapter gives a detailed 
explanation on RI sensing principle and fs aided hydrofluoric (HF) acid etching 
technique, which has been employed to enhance the RI sensitivity in the gratings, and 
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includes a systematic study of RI and temperature characteristics of the proposed 
devices. 
 
Chapter 6 is also counted as another major part of this thesis and presents different 
novel techniques in realisation of fibre laser systems with single polarisation output 
being switchable at single and multi wavelengths by using TFGs with different tilt 
angles as intra-cavity polariser and polarisation loss dependent filters in the ring fibre 
laser cavity. The investigations on Degree Of Polarisation (DOP), stability, thermal 
and strain sensitivities of the proposed laser systems are also included to this chapter. 
 
Chapter 7 concludes the work and provides some ideas for future research activities. 
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Fibre Gratings 
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2.1. Introduction 
 
 
This chapter contains an overview of the fundamental theory of in-fibre optical 
gratings.  It begins with the review of the historical prospective of the photosensitivity 
mechanisms in optical fibres and a brief discussion on the reported photosensitisation 
techniques. The chapter also propose an introduction to the mode coupling theory for 
backward and forward coupled grating devices including FBGs, LPGs and TFGs. 
Finally we will give a brief introduction to different grating fabrication techniques, 
including two-beam holographic, phase mask scanning and point-by-point methods 
followed by a summary of the chapter.  
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2.2. Photosensitivity in Optical Fibres 
 
Photosensitivity in optical fibres invariably refers to a permanent (or quasi-
permanent) change in the RI of the fibre core following the exposure to light with 
characteristic wavelength and intensity depending on the core material.  
Photosensitivity of optical fibres was first discovered by Hill et.al in 1978 in 
germano-silicate fibres during the fabrication of the Hill grating [2] and since then, 
several published studies have explained the photosensitivity mechanisms. Regardless 
of the worldwide interest into the subject, there is still no single model to explain the 
photosensitivity in all cases, but it has been realised that the photosensitivity depends 
on a number of factors, including the core material and the wavelength and intensity 
of the radiating light. In the early research, it was believed that the photosensitivity 
only exists in germanium doped fibres [4], but later studies reported the 
photosensitivity in a wide range of different fibres containing other dopants such as 
europium [5], cerium [6], and erbium: germanium [7] that exhibit different degrees of 
sensitivity in silica host optical fibre.  However, germanium doped fibres are still the 
most interesting photosensitive fibres due to their extensive applications in 
telecommunication and optical sensor area.  
2.2.1. Photosensitivity Mechanisms  
 
 
The photosensitivity mechanisms have been reported in several models including: 
colour-centre [8], compaction [9], stress relief [10], electron charge migration [11], 
permanent electric charge dipole [12], ionic migration model [13], and Soret effect 
[14].  
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In all mentioned models, the germanium oxygen vacancy defects such as twofold 
coordinated neutral germanium atom (GeO2) or Ge-Si or the wrong bond (Ge-Ge) are 
the common responsible elements for the photoinduced refractive index changes in 
the germano-silicate fibre.  In fibre drawing process, the gas phase oxidation process 
of the Modified Chemical Vapour Deposition (MCVD) technique occurs at such a 
high temperature that GeO2 molecule breaks in to the more stable state of GeO 
molecule and itself becomes Ge2+ centre. When Ge2+ incorporates into the glass 
material, can form oxygen vacancy Ge-Si or wrong bonds Ge-Ge, which in both cases 
the created oxygen deficient matrix in the glass is linked to 240 nm absorption band.  
Here we only will briefly explain three main mechanisms regarding the 
photosensitivity characteristics of the most common germanium doped fibres: colour 
centre, compaction densification and stress relief models. 
2.2.1.1.  Colour Centre or Point Defect Model 
 
 
Ionising radiation [15] and the fibre drawing process [16] can create defects centres, 
so called colour centres, which are very important for optical fibre due to their 
absorption bands. To understand the nature of colour centres, it is helpful to review 
the defects in germano-silicate fibres. Despite Si, Ge has two stable oxidation centres: 
+2 and +4, thus it can form either GeO2 or GeO molecules in the glass. 
Thermodynamic rules imply a balance between GeO2 and Germanium Oxygen 
Deficient Centres (GODCs) concentrations.  Also as it has been explained before, at 
high temperature, GeO is more stable than GeO2 and can exist as a discrete molecule 
but it is more likely to manifest itself in the form of wrong bonds, Ge-Si, in the glass.  
These wrong bonds are suspected defect precursors. Radiation studies on the 
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paramagnetic defect centres in the germano-silicate fibres indicate that Ge dopant of 
the core is directly related to damage centres which are labelled as Ge(n) [17]. Ge(n) 
centres can change to Ge(n)-  centres by trapping an electron. Ge(0)/Ge(3) damage 
centres are also called EGe ′ centre which has  the deepest electron trap depth.  
The colour centre model was proposed by Hand and Russel [8] for the first time. As 
illustrated in Figure 2.1, in this model Ge-Si wrong bonds break under the UV 
exposure and form EGe ′ centres and release the electron into the glass matrix. The free 
electron will be recaptured elsewhere in the network and create a new form of defect 
centre such as Ge(1)-  and  Ge(2)-. A later study by Athkins et.al performed that 
illuminating the fibre by a wavelength in coincidence with 240 nm band, results in 
bleaching of 241 nm band and creation of a new absorption band with the centre peak 
at 195 nm [19].  The new absorption bands will induce the RI change following 
Kramers - Kroning relationship [20]: 
( ) ( ) λ
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∞
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     (eq:2.1) 
Where P is the principal part of the integral, λ is the wavelength, and αeff (λ)   is the 
effective change in the absorption coefficient of the defect.  
This relationship indicates that any photoinduced index change in the spectral range 
between infrared to visible is a consequence of a change in the absorption spectrum of 
the silica in the UV to far-UV spectrum [7, 21-23]. 
The colour centre model for the photosensitivity effect is supported by many 
researches and evidently the responsible mechanism for the original Hill grating was 
two photon beam absorption at 240 nm band [24, 25].  
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 Although the model can explain the photosensitivity in both germanosilicate and 
hydrogen loaded geramnosilicate fibres up to a certain point, it is unable to fully 
explain the experimental investigations especially in higher value of RI changes [26-
30]. 
 
Figure 2. 1. Photoinduced refractive index change mechanism: Ge-Si wrong bonds breaks and release 
free electron to diffuse into the lattice network. The resulting molecular change alters the absorption 
characteristics and consequently the RI [30]. 
 
2.2.1.2.  Compaction Densification Model 
 
 
 
In the densification model, the RI of the glass is enhanced by the increase of laser 
irradiation induced density of the glass.  Originally, Fiori and Devine [9] reported the 
experiment in which a thin film of amorphous silica grown on Si wafers was 
irradiated by a KrF excimer laser.  After irradiation, 16% of the film’s thickness was 
decreased while the RI was increased. Then they annealed the sample at 950˚C in a 
vacuum for about 1 hour and discovered that the compaction disappeared and both 
refractive index and film’s thickness returned to their original values. Further 
radiation resulted in compaction beyond the threshold and a permanent densification 
occurred. Malo et.al discovered [31] that annealing the sample at 1200˚C fully 
removes the photosensitivity of the fibre, which is irreversible.  It has been 
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experimentally proved that the photoinduced RI changes in non-hydrogen loaded 
fibres occur mainly due to the densification of the silica [32]. 
2.2.1.3. Stress Relief Model 
 
 
 
During the high temperature fibre drawing process, the fibre core experiences an inner 
tension due to different thermal expansion of the core and cladding.  At some point 
during the quick glass cooling process, the structure is frozen.  According to the stress 
optic effect, thermal induced inner tension reduces the RI while the stress relief will 
increase the RI. The stress-relief model considers the RI change in germanosilicate 
fibre core due to the relaxation of built-in thermo-elastic stresses [33]. In 1995, Levy 
reported that the breakage of the wrong bonds over UV exposure will promote 
relaxation in the tensioned glass and reduce thermal stresses in the fibre core hence 
increase the RI of the core [34]. 
2.2.2. Photosensitivity Enhancement Techniques  
 
 
 
Since simultaneous discovery of FBGs and fibre photosensitivity by Hill et.al 
considerable efforts have been made to increase the photosensitivity of the fibres as 
the intensity and UV exposure time affecting the grating property directly.  The 
developed photosenistisation techniques, including co-doping in fibre core [35], 
hydrogen loading (hydrogenation) [36, 44] and flame brushing [37], are able to 
increase the photoinduced index modulations in the fibre core up to the order greater 
than 10-3 [37]. 
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2.2.2.1. Co- doping Technique 
 
 
The photosensitivity of germanosilicate fibre can be increased by adding various 
codopant such as boron (B) [35] and tin (Sn) [38, 39] into the fibre.  In 1993, 
Williams et.al reported a systematic study on the corresponding photosensitivity to 
different fibre types including B doped fibres [40]. This report was addressing a 
saturated index change in B codoped fibre of about 4 times greater than that in pure 
germanosilicate fibre.  In their experiment, three fibres: 1- standard telecom fibre (3 
mol% GeO2), 2- fibre with high Ge concentration (20 mol% GeO2) and 3- B co-
doping fibre (15 mol% GeO2) were UV exposed untill their index modulation became 
saturated.  They achieved the saturated index modulation of approximately 7×10-4 for 
B co-doped fibre (15 mol% GeO2) over about 10 minutes while for other two fibres, 
it took about 2 hours to reach the saturated index modulation of ~ 3×10-5 and ~ 
2.5×10-4 respectively.  Addition of boron oxide to silica results in a compound glass 
that has a lower RI than silica so B codoping reduces the RI of the core and makes it 
softer than before [17].  The absorption measurements suggest that in contrast to 
hydrogen loading and flame-brushing techniques, boron codoping does not enhance 
the fiber photosensitivity through production of GODCs. Instead, it is believed that 
stress relief is the photosensitivity mechanism of boron codoping technique. It seems 
likely that the RI of the core increases through photoinduced stress relaxation initiated 
by breaking of the wrong bonds by UV light.  Although these investigations evidently 
indicate a much better photosensitivity response from B codoped fibre than the fibre 
with only equivalent Ge concentration, boron doping causes extra loss about 0.1 dB at 
1550 nm range, which is not desirable. 
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 In another approach to enhance the photosensitivity of the fibre, Sn was added to the 
fibre core as codopant.  Dong et.al [38, 39] reported that Sn codoped fibre exhibits the 
saturated RI change of 3 times bigger than of the normal germanosilicate fibre.  
Undoubtedly this value can compete with what was investigated from B doped fibres. 
Sn codoped fibre also benefits from some advantages over B doped fibres including 
the grating survival at high temperature, as well as no induced loss induction in the 
1500 nm window. 
2.2.2.2. Hydrogen Loading or Hydrogenation Technique 
 
 
Hydrogenation technique is a simple but highly effective approach to increase the UV 
induced photosensitivity in gremanosilicate fibres in which the fibres are pressurised 
in H2 gas, at usually at room temperature, before the UV exposure process. The 
technique was introduced by Lemaire et.al for the first time in 1993 [37, 44] and is 
based on the interaction between Ge, Si and H2 molecules in combination with UV 
exposure conditions. They soaked the fibre in H2 gas at the temperature in the range 
of 20°C and 75°C and the pressure from approximately 20 atm to almost 750 atm.  
Then the fibre was exposed to the pulsed UV radiation. The result indicated the peak 
to peak index modulation of about 6×10-3 for hydrogen loaded fibre containing 3 
mol% GeO2 with 3.3 mol% H2 and the enhanced average core index by 3.4×10-3.  The 
achieved increased photosensitivity in this process is due to the capability of hydrogen 
to create additional GODCs from germanium atoms in the lattice in the following 
fashion.  In hydrogenation process, the fibre is housed in a high pressure hydrogen gas 
tube so H2 molecules can diffuse into the fibre core via the cladding.  UV exposure or 
any intense heat, including flame or CO2 laser, will result in dissolving H2 to 
thermally react with Si-O-Ge glass sites and subsequent formation of additional 
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GODCS, Si-OH and Ge-OH bonds which cause the large permanent index changes in 
the fibre core.  As presented in Figure 2.2 the UV created OH band is centred about 
1400 nm and contains two absorption peaks at 1390 nm and 1410 nm corresponding 
to Si-OH and Ge-OH bonds respectively.  Canning et.al reported that the size of OH 
absorption band at 1400 nm is proportional to the hydrogen level in the fibre [41].  
 
 
Figure 2. 2.  OH absorption band for a hydrogenated germanosilicate optical fibre [42]. 
 
 
 
They also proved that it is possible to increase the photosensitivity of the fibre without 
creating a large OH band by employing the hydrogenation technique. To do so, first 
the fibre should be pre-sensitised during hydrogen loading and then goes through 
hydrogen outgassing process.  However, this method is not applicable for type IA 
grating fabrication in which the presence of hydrogen is necessary. 
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2.2.2.3.  Flame Brushing Technique 
 
 
Flame brushing is an alternative technique to enhance the intrinsic photosensitivity of 
germanosilicate optical fibres. This technique is based on brushing the fibre 
repeatedly by a flame of a hydrogen and small amount of oxygen at a temperature of 
approximately 1700˚C for almost 20 minutes [43].   Over the period of flame brushing 
process, diffused H2 into the core quickly reacts with the glass lattice and forms 
GODCs and a strong absorption band at 240 nm UV range [17]. The effect only 
targets the fibre core while the cladding properties remain unaffected.  It has been 
reported that by employing this technique, the photosensitivity of standard telecom 
fibres can be elevated by a factor of 10 and changes greater than 10-3 in the RI of the 
core at 1540 nm is achieved [43]. 
2.2.3. Multi Photon Absorption Process  
 
 
It is extremely well known that the original Hill grating was 2-photon absorption 
process at 488 nm, which is shown schematically in Figure 2.3. 
 
Figure 2. 3. Schematic demonstration of multi-photon absorption. 
 
(a) Single photon absorption (b) Two photon absorption (c) Three photon absorption 
Excited Energy Level E1 
hν 
Ground Energy state E0 
hν hν hν 
hν hν 
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Niels Bohr defined the energy of a photon (E) proportional to its frequency by 
following equation: 
hc
E hf λ= =             (eq: 2.2) 
Where h is Planck constant (6.63×10-34 J.s-1), f is the frequency of the photon and c is 
the speed of light (2.998×108 m.s-1).  Bohr showed that in an atomic transition, when 
an electron from the exited energy band (E1) returns to the ground state (E0) to 
stabilise, a photon is emitted.  The energy of this emitted photon is equal to the energy 
gap between exited and ground energy bands as follows: 
1 0
hc
hf E Eλ= = −        (eq: 2.3) 
Also, the same amount of energy, ( 1 0E E− ), is required to excite an electron from E0 
to E1.  
According to equation (2.2) the photon energy at 488 nm is 2.54 eV where 1 eV is 
defined as 1.60210-34 J.  For a single photon absorption process, Figure 2.3 (a), the 
photon should have twice of that energy which is 5.08 eV.  This energy corresponds 
to 244 nm wavelength of light and hence currently UV lasers operating at 244 nm are 
employed for grating fabrications.  The frequency doubled Ar+ lasers operating at 244 
nm which were also used for grating inscription in this thesis are good examples of 
this class of laser.  
2.2.4.    Stabilisation of UV-Induced Index Change 
 
 
The UV induced index change in optical fibre is not a permanent phenomenon as after 
UV exposure, any dissolved or unreacted H2 diffuses out of the fibre slowly. 
 37 
Hydrogen diffusion leads to the wavelength shift of the Bragg resonance in a UV 
written FBG.  As hydrogen diffusion rate increases with increasing temperature,   the 
sensor gratings are often required to be annealed at elevated temperatures for long 
periods of time to out gas the residual H2. It is thus necessary to study the thermal 
decay of FBGs for stabilisation and thermal sensing. In 1995, Williams et.al studied 
the thermal stability of in fibre gratings and reported that thermal annealing ensures 
the stability of the gratings for about 25 years at room temperature [40]. Later in 1997 
the creditability of this work was further confirmed by Kannan et.al [45].  Ishikawa et. 
al introduced a model to calculate the accurate annealing time [46]. In another study 
by Patrick et.al, the grating stability written in hydrogenated and non-hydrogenated 
fibres were compared and the results indicated that gratings written in hydrogen-free 
fibre were noticeably more stable at high temperatures. They reported the UV-induced 
index modulation reduction by 40% and 5% in hydrogen-loaded and hydrogen-free 
fibres after 10 hours at 176ºC, respectively [47]. However their data did not follow the 
proposed model based on “power law” by Erdogan et.al in which the thermal 
degradation of UV induced index for non-hydrogenated fibre was accurately 
explained [48].  Baker et.al confirmed that the power law thermal decay model is well 
fitted for non-hydrogenated fibres but does not apply for hydrogen loaded fibres [49].  
They introduced a log-time model which could be used to predict the decay 
characteristics of UV written FBGs in hydrogenated fibres.  Their proposed model 
holds well for other fibres in the need for thermally stable gratings including B-doped, 
Sn-doped and fluorine-doped fibres [50-52]. 
There are reports indicating the more stability for presensitised than hydrogenated 
fibres [53]. Niay et.al showed that employing CW or pulsed UV sources in grating 
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fabrication process does not make any difference in the grating’s stability properties 
[29]. 
 
Practically, after the grating fabrication, a thermal annealing process (normally at 
80°C for 48 hours) is implemented to accelerate the H2 diffusion rate and to stabilise 
the grating properties effectively [54, 55].  Over the annealing process, the reflectivity 
of FBGs is normally decreased about 1-2% [40, 45].  Once the photo-induced index 
modulation has stabilised, temperature, strain, and external sources of radiation are 
the major factors to erase this index change. The most often crossed factor is thermal 
erasure, where the energy traps corresponding to defect centres are thermally excited 
and partially or totally remove the index modulation. 
 
2.3. Coupled Mode Theory 
 
 
Coupled-mode theory is a widely used technique to obtain an approximate solution 
for electromagnetic wave propagating in periodically layered medium and is capable 
of providing the quantitative information about the spectral response of fibre gratings. 
This theory is a simple and an accurate model employed to describe the characteristic 
and optical properties of most in-fibre gratings. 
  
Detailed derivation of couple mode theory and description of its applications in 
guided mode and gratings was given by Yariv [56], Kogelnik [57] and Erdogan [3, 
58].  Here a brief and abridged part of these reports is presented that is most related to 
the material of this thesis and the derivation in this section closely follows the 
proposed work by Erdogan. 
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We shall consider the ideal mode approximation to coupled mode theory in which the 
transverse components of the electric field are written as a superposition of the ideal 
modes. Modes should be considered in an ideal waveguide that does not experience a 
grating perturbation.  If modes are labeled with index m, we will have: 
 
( ) ( ) ( ) ( ) ( )[ ] ( ) ( )tiyxezizBzizAtzyxE Tm
m
mmmm
T ωββ −−+= ∑ exp,.expexp,,, r
r
   (eq: 2.4) 
In above equation, Am(z) and Bm(z) are slightly varying amplitudes of the mth mode 
travelling in the +z and –z directions, respectively.  
( )yxeTm ,r  is the transverse mode field, which may describe a bound-core, cladding or 
radiation mode. β is the propagation constant and simply given by:  
     effnλ
piβ 2=      (eq: 2.5) 
 
Where effn  represents the effective RI of m
th 
mode. 
 
The mode coupling occurs in the presence of a dielectric perturbation and, as a result, 
the amplitudes mA and mB of the mth mode evolve along the z direction based on the 
following equations:  
(eq: 2.6 (a)): 
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In above equations, TqmC  and 
L
qmC  are the transverse and longitudinal coupling 
coefficients between q and m modes, respectively. 
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The longitudinal coupling coefficient, LqmC  is analogous to transverse component, 
T
qmC . However, for fibre, mode
L
qmC  is usually neglected since it is half magnitude of 
the transverse components for fibre modes. The transverse coupling coefficient in the 
above equations is given by equation 2.7. 
 
( ) ( ) ( ) ( )dxdyyxeyxezyxzC TmTqTqm ,,,,4
*rr
⋅⋅∆= ∫∫
∞
ε
ω
    (eq: 2.7) 
 
( )zyx ,,ε∆ from the above equation is the permittivity perturbation and its value is 
approximately 2nδn where δn is the (effective) RI variation and small compared with 
the local index, n, in the idea fibre. Considering an ideal waveguide situation, ie no 
perturbation exists so ∆ε = 0, the coupling coefficient TqmC (z) = 0 and the transverse 
modes are orthogonal and do not exchange energy. 
Exposure of photosensitive fibre to a spatially varying UV pattern produces the RI 
modulation of ( )zneffδ . 
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Where ( )znδ  is the “dc” index change spatially averaged over a grating period, s is the 
fringe visibility of the index change, Λ is the nominal period, and φ(z) describes 
grating chirp. 
In most fibre gratings, the photo-induced index modulation is almost uniform across 
the core and negligible outside the core so the dc index change ( )znδ can be replaced 
by ( )zncoδ  and based on what has already been explained ( )zyx ,,ε∆ can be replaced 
by ( )znn cocoδ2 .  By applying these substitutions, the general coupling coefficient, 
T
qmC (z), can be rewritten in the form of following equation: 
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( ) ( ) ( ) ( )





+
Λ
+= zzzkzzC qmqm
T
qm φpiψ 2cos2      (eq: 2.9) 
 
 
( )zqmψ  and ( )zkqm in the above equation are defined as “dc” and “ac” coupling 
coefficients respectively and can be calculated as:  
( ) ( ) ( ) ( )dxdyyxeyxeznnz Tm
core
T
qco
co
qm ,,2
*rr
⋅= ∫∫δ
ωψ      (eq: 2.10) 
( )
2
s
zkqm = ( )zqmψ        (eq: 2.11) 
2.3.1. Backward Mode Coupling 
 
 
In backward mode coupling, the dominant interaction is near the wavelength, at which 
reflection occurs from a mode with amplitude A(z) coupled to an identical counter-
propagating mode of amplitude B(z) . Under such conditions, equations (2.6 (a)) and 
(2.6 (b)) are simplified to the following equations [3]. 
( ) ( )zikSzRi
dz
dR
+′= ψ      (eq: 2.12) 
( ) ( )zRikzRi
dz
dS
*−′−= ψ            (eq: 2.13) 
In above equations, k is the “ac” coupling coefficient and ψ ′  is the general “dc” self-
coupling coefficient which is defined as: 
( )
dz
zdφψδψ
2
1
−+=′                  (eq: 2.14) 
Where δ is the detuning and independent of z:  
          





−=−=
Λ
−=
d
effd n λλpiββ
piβδ 112                 (eq: 2.15) 
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Here Λ= effd n2λ  is the “design wavelength” for Bragg scattering by an 
infinitesimally weak grating ( 0→effnδ ). 
 
  
 
The amplitude R and S in equations (2.12 and 2.13) are defined as: 
( ) ( ) ( )





−=
2
exp zzizAzR φδ          (eq: 2.16) 
    ( ) ( ) ( )





+−=
2
exp zzizBzS φδ        (eq: 2.17) 
For a single-mode Bragg grating, one may use the following simplified relations:  
     nδλ
piψ 2=          (eq: 2.18)   
     nskk δλ
pi
==
*
   (eq: 2.19) 
For the uniform grating along z direction nδ is constant and dφ(z)/dz = 0 indicating a 
non- chirped grating. Thus k , ψ  andψ ′ are constants. This simplifies equations (2.16) 
and (2.17) into coupled first-order ordinary differential equations with constant 
coefficients. The closed-form solutions may be found when appropriate boundary 
conditions are specified.  
2.3.2. Forward Mode Coupling 
 
 
Forward mode coupling is the condition in which a forward propagating mode with 
amplitude A1(z) is strongly coupled into a co-propagating mode of amplitude A2(z) 
close to the wavelength in which forward mode coupling occurs, then equations (2.6) 
and (2.7) can be rewritten in the form of the amplitudes of these two modes and 
making the usual synchronous approximation 
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( ) ( )zikSzRi
dz
dR
+′= ψ             (eq: 2.20) 
( ) ( )zRikzRi
dz
dS
*+′−= ψ        (eq: 2.21) 
And  R and S are new amplitudes and defined as:  
( ) ( ) 





−





+=
2
exp
2
)(exp 22111
φδψψ zizizAzR             (eq: 2.22) 
 ( ) ( ) 





+−





+−=
2
exp
2
)(exp 22112
φδψψ zizizAzS        (eq: 2.23) 
11ψ   and  12ψ  are “dc” coupling coefficients as defined earlier in equation (2.10) and 
K is “ac” cross coupling coefficient defined in equation (2.11).  Here 1221 ∗== kkk  
and ψ ′ is the general “dc” self-coupling coefficient and is introduced as: 
dz
dφψψδψ
2
1)
2
( 1211 −−+=′     (eq: 2.24) 
Ifδ is considered constant along z direction then, will follow the below equation: 
( ) 





−∆=
Λ
−−=
d
effn λλpi
piββδ 11
2
1
21    (eq: 2.25) 
As it was introduced before, Λ∆= effd nλ  is the design wavelength for a grating 
approaching zero index modulation and the correspondent grating condition for FBGs 
is dλλ = . In FBGs, the forward-coupling equations, equations (2.20) and (2.21) are 
first-order ordinary differential equations with constant coefficients. Thus when the 
appropriate boundary conditions are given, the closed form solutions can be found.  
However in the case of a uniform forward-coupled grating, ψ ′  and k  are constants 
and in contrast to the FBG, here the coupling coefficient k may not be written as 
simple as defined in equation (2.19) and required the numerical evaluation. 
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2.3.3. Phase Match Condition 
 
 
 
In the presence of the grating perturbation in the fibre core, the bound wave can be 
coupled to either backward or forward propagating modes. Fibre gratings can be 
categorised in two main types according to the direction of mode coupling.   
One category contains the gratings which are backward-coupled including FBGs with 
uniform and chirped structures and TFG with small tilt angles, while the other group 
includes LPGs and TFGs with large tilt angle in which coupling occurs between 
forward propagating modes.  So to transfer energy from one mode of amplitude ( )zAi  
into a counter- or co- propagating mode of amplitude ( )zB j , the phase mismatch 
factor is defined as a detuning: 
θpiβββ cos2 N
g
ji Λ
−±=∆    (eq: 2.26) 
iβ and jβ  are the propagation constants for incident and diffracted modes 
respectively. gΛ is the grating period and θ is the tilt angle of the grating where N 
indicates the diffraction order. Also “ ± ” sign defines the propagation direction of 
“m (z)”.  To transfer a significant portion of energy the phase mismatch factor should 
be zero or phase matching condition satisfies 0=∆β , therefore: 
θpiββ cos2 N
g
ji Λ
=±           (eq: 2.27) 
 
In backward propagation, iβ and jβ both have identical positive signs where for co-
propagation iβ and jβ have opposite signs. In most cases, the first order diffraction is 
dominant and therefore, N =1. By substituting equation (2.5), the resonant wavelength 
this satisfied in the following relationship: 
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( )
θ
λ
cos
gj
eff
i
eff nn
Λ
±=            (eq: 2.28) 
2.3.4. Fibre Bragg Grating (FBG) 
 
 
Normal FBG represents a backward-mode coupling and the wavelength of the Bragg 
resonance from the core mode is given by:         
Λ= effB n2λ     (eq: 2.29) 
Where effn  represents the effective RI of the fibre core. 
Figure 2.4 shows the schematic diagram of the backward mode coupling in an FBG. 
 
 
                                
Figure 2. 4.  Schematic diagram of backward-mode coupling in FBG. 
 
2.3.5. Long Period Grating (LPG) 
 
 
In a LPG, forward-mode coupling between the core and cladding modes occurs in 
which the resonant wavelength satisfies: 
( ) Λ⋅−= effmcleffcores nn ,λ    (eq: 2.30) 
In the above equation, effcon and 
eff
mcln , are the effective indices of the core and m
th  
cladding mode, respectively. As the difference between core and cladding mode 
effective indices are far less than unity, the period of LPG is much larger than that of 
FBG.  In fact, the investigated periods for LPGs are factors of hundred microns, 
Cladding 
Core 
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where the period of FBG is less than one micron [59, 60]. Figure 2.5 exhibits the 
schematic diagram of the forward mode coupling in an LPG. 
 
 
 
 
 
 
 
 
Figure 2. 5.  Schematic diagram of forward mode coupling in LPG. 
 
2.3.6. Tilted Fibre Grating (TFG) 
 
 
 
TFGs are created when the grating structure is tilted by an angle θ. In such gratings, 
the mode coupling is not as simple as normal gratings. As illustrated in Figures 2.6 
and 2.7 in TFGs mode coupling can occur in either forward or backward direction 
depending on the tilt angle.  
 
 
 
 
 
 
Figure 2. 6. Schematic diagram of backward mode coupling in TFG. 
 
 
 
 
 
 
 
 
 
Figure 2. 7. Schematic diagram of forward mode coupling in TFG. 
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In the case of tilted gratings, the resonant wavelengths are [60, 61]: 
( )
θ
λ
cos
,,
geff
mcl
eff
coclco nn
Λ
⋅±=     (eq: 2.31) 
 
The sign of “+” and “-” in the above equation indicate the direction of the mode 
propagation toward - z or + z direction respectively.  As it is schematically presented 
in Figure 2.8, in TFGs, the grating period along the fibre axis is simply identified by 
the following relationship:  
θcos
gΛ
=Λ         (eq: 2.32) 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 8. Schematic diagram of TFG. 
 
 
The photo-induced index change in the core of a single mode optical fibre, conδ , 
follows the below relationship: 
( ) ( ) ( )
















′+′
Λ
+′= zzsznzxn
g
coco φpiδδ 2cos1,   (eq: 2.33)  
z′ (illustrated in Figure 2.8) in equation (2.30) is defined as θθ cossin zxz +=′ .  But 
for slightly varying functions ( )znco ′δ  and ( )z′φ , it can be considered as θcoszz ≅′ .  
Then by taking the projectile of these functions along the fibre axis (z), the general 
TFG
Cladding
Core
ΛgΛ
θ°
z’ 
x 
x’ 
θ 
z 
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coupling coefficient (previously introduced in equation (2.9) can be rewritten in the 
following format: 
( ) ( ) ( ) ( )



+
Λ
+= ±± θφpiψ cos2cos2 zzzkzzC T mm   (eq: 2.34) 
Where subscript “m” in equation (2.9) is associated with forward propagating mode 
(+ sign) and subscript “q” describes the backward propagating mode (– sign). The self 
coupling coefficient and cross coupling coefficient are modified in equations (2.32) 
and (2.33) respectively. 
( ) ( ) ( ) ( )dxdyyxeyxeznnz T
core
T
co
co
,,cos
2
*
±⋅= ∫∫
rr
m
θδωψ          (eq: 2.35) 
and    (eq: 2.36): 
( ) ( ) ( ) ( )dxdyyxeyxexiznnszk TT
core
co
co
,,tan
2
expcos
22
,
*
±± ⋅⋅





Λ
±= ∫∫
rr
mm
θpiθδωθ  
It is worthy to note that *±= kkm .  
The effect of tilting the structure of the grating is correspondent to “effective fringe 
visibility” defined as ( )θ±ms  in the following relationship: 
( ) ( ) ( )
( ) ( )∫∫
∫∫
±
±
±
⋅
⋅⋅




±
=
core
TT
core
TT
dxdyyxeyxe
dxdyyxeyxexi
s
s
,,
,,tan
2
exp
*
*
rr
rr
m
m
m
θλ
pi
θ
     (eq: 2.37) 
So equation 2.33 can be rewritten in: 
( ) ( ) ( )zszk ψθθ
2
,
±
± =
m
m
    (eq: 2.38) 
The result indicates that tilting the grating structure leads to reduction of the effective 
fringe visibility by amount presenting in equation (2.37). Also this result describes the 
effect of the grating perturbation in backward scattering. 
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Detailed discussion on fabrication and characterisation of TFGs are presented in 
chapter 3 of this thesis.  Chapter 6 of this thesis also introduces one of the applications 
of TFGs with large tilted angles in a fibre ring laser cavity. 
2.4. History of Grating Inscription 
2.4.1.  Original Hill Grating 
 
 
In 1978, Ken Hill et.al from the Canadian Communication Research Centre (CRC), 
Ottawa, reported the simultaneous discovery of the photosensitivity of optical fibre 
and the formation of permanent FBG in an optical fibre [2].  They launched intense 
CW 488 nm (green) light from an Ar+ laser into a short section of a single mode 
germaniasilica optical fibre using the shown experimental set up in Figure 2.9. After 
few minutes they noticed an increase in the intensity of the reflected light which grew 
to the point that most of the probed light was reflected back from the fibre.  Spectral 
measurement confirmed the formation of a narrow Bragg grating across the whole 1m 
long fibre.  This achievement was named “Hill Gratings” or “internally written 
gratings” and explained the growth intensity of back reflected light by introducing the 
“photosensitivity” phenomenon which enables an index grating to be created. The 
Bragg grating with 90% reflectivity was written at the Argon laser wavelength and 
with the bandwidth of less than 200 MHz.   
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Figure 2. 9. Schematic diagram of the original setup for inscription of FBG set by Hill et al [17]. 
 
At that time it was realised that Hill gratings would have many applications in optic 
fibre communication and it was also presented that they can be employed as optical 
feed back in laser system or as strain sensor when strain is applied on the fibre.  
A detailed study by Lam and Garside proved that the magnitude of the UV-induced 
refractive index change (grating’s strength) increased as the square of the UV-power 
from the Ar+ laser source, operating at 488 nm [62].  This result indicated that the 
experiment was based on two photon beam absorption mechanism and also the 
possibility of grating fabrication by side-writing technique employing 244 nm UV 
radiation. 
2.4.2.  Holographic Side Writing Technique 
 
 
It was discovered that unfortunately the functionality of Hill gratings is only limited 
by wavelength of the visible light and close to the writing wavelength and have 
normally a long length to achieve a useful reflectivity value.  Ten years later, this 
limitation of photosensitivity was overcome in an experiment by Meltz et.al.  In 1989, 
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Meltz et.al reported that the gratings could be written by much more efficient two-
beam holographic exposure technique from the side of the fibre using UV radiation 
[63].  The schematic diagram of their experimental setup is presented in Figure 2.10.  
In their work, they successfully improved the inscription efficiency and also proposed 
a technique to design an arbitrary Bragg wavelength for the grating by simply 
adjusting the angle between two interference beams. 
 
 
      
Figure 2. 10. The schematic diagram of the experimental setup by Meltz et.al [63]. 
 
 
As illustrated in the above figure, in Meltz’s setup, the 244 nm UV beam was split 
into two equal intensity beams via a beam splitter and then recombined to create an 
interference pattern on the fibre.  The optical fibre also was placed at the interference 
pattern area, and subsequently a RI modulation was induced in the core of the fibre.  
In such condition, the grating pitch is identical to the interference fringe pattern and 
depends on both the irradiation wavelength and the half angel φ between the two split 
UV beams.   The grating pitch is defined as: 
ϕ
λ
sin2
uv
=Λ           (eq: 2.39)  
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And the Bragg condition is given by:            
Λ= effB n2λ          (eq: 2.40) 
 Where effn  is defined as the effective index of the core.  Considering equations (2.36) 
and (2.37) we can introduce the Bragg wavelength as follows: 
ϕ
λλ
sin
uveff
B
n
=   (eq: 2.41) 
So the Bragg wavelength can be easily tuned by changing φ or λuv.  This proposed 
fabrication technique also suffers from some drawbacks.  The main disadvantage of 
this technique is susceptibility to mechanical vibrations during the fabrication process 
and the requirement of an accurate laser source with good coherence. Since 1989, the 
holographic inscription technique has been developed and a number of different 
setups have been proposed and extended to different fibre types and the 
telecommunications wavelengths [64-68]. 
2.4.3. Phase Mask Inscription Technique 
 
 
Phase mask technique is one of the most efficient approaches in FBG inscription and 
is considered as an alternative method for the tow beam holographic technique. As 
presented in Figure 2.11.  This technique is based on near contact exposure through a 
phase mask and was first proposed by Hill et.al [69]. 
The phase mask itself is a one-dimensional periodic surface relief pattern with period 
Λpm etched into fused silica and is employed to spatially modulate the incident light in 
the following fashion: 
When a UV light incident on the phase mask, it will almost entirely diffracted with 
little light transmitted in the zero-order beam. In fact, zero order is suppressed to less 
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than 5% of the transmitted light intensity while the transmitted light intensity in each 
of +1 and -1 diffracted orders is approximately 35%.  In this technique a near-field 
fringe pattern is formed by the interference of the +1 and -1 diffracted orders. The 
period of the written grating by phase mask method is:  
2pmΛ=Λ       (eq: 2.42) 
 
 
 
 
 
Figure 2. 11. Schematic diagram of phase mask grating inscription technique [69]. 
 
 
This method benefits from the many advantages over other techniques including 
reproducibility and feasibility of high quality complex structure grating (eg: TFGs) 
fabrication. However for different wavelength separate phase masks, which are 
extremely expensive, are required.  Both holographic and phase mask fabrication 
technique will be discussed in detail in chapter 3 of this thesis where we used to UV-
inscribed different structure gratings. 
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2.4.4. Point-By-Point Inscription Technique 
 
 
Point-by-point fabrication method is usually employed to fabricate LPGs covering the 
priod range of 10 µm to 660 µm.  The method was introduced by Malo, Hill and co-
workers for the first time to fabricate FBGs in which the fibre was exposed through 
the image of a slit to the UV light coming from a KrF excimer pulse laser.  The fibre 
was translated between pulses inducing one step index change at a time across the 
core.  As the size of the focused spot light at 244 nm is about 0.25 µm and the period 
of the Bragg grating with Bλ =1550 nm is ~ 0.5 µm, it is a hard task to control the 
movement of the translation stage accurate enough to write FBGs by point-by-point 
technique. Figure 2.12 shows the schematic diagram of the experimental setup for 
point-by-point inscription technique.  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 2. 12.  Schematic diagram of point by point grating fabrication technique. 
 
 
As presented in the above figure, this setup has an additional cylindrical lens 
comparing with the phase mask technique which is used to focus the UV beam to the 
fibre axis. The movement of the translation stage is computer controlled. The 
Cylindrical 
Lenses 
f2 
f1 
Translation 
     Stage 
Fibre 
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parameters of the grating such as the grating pitch and length and duty cycle can be 
tuned by switching the shutter on and off depending on the system’s design. Also in 
recent years, the direct point-by-point inscription to create fibre grating structures has 
been demonstrated, including both LPGs [70-72] and FBGs [73, 74]. By means of 
focusing the femtosecond pulses into the fibre core, point-by-point FBG inscription 
can be achieved without the need of a phase-mask.  The high flexibility to alter the 
grating’s parameter is counted as one of the main advantages of point-by-point 
fabrication technique. 
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2.5. Chapter Conclusion 
 
 
This chapter has presented a comprehensive review on the photosensitivity concept of 
UV-inscribing fibre gratings, outlining aspects of three most common photosensitivity 
mechanisms: colour centre, compaction densification and stress relief model.  
Photosensitivity enhancement methods including co-doping, hydrogen loading and 
flame brushing techniques have also been discussed.  
The systematic revision of mode coupling theory for three different types of grating 
FBG, TFG and LPG - was given and historical development on inscription technology 
of optical fibre gratings was also described.  Using coupled mode theory, an insight 
into the principle of fibre gratings was presented and phase matching conditions for 
FBG, LPG and also TFG with different angles were explained.  Fibre gratings 
inscription methods such as phase mask, holographic side writing and point-by-point 
techniques have been briefly introduced. Furthermore concerns about the device 
stability have been outlined and thermal stability studies have been reviewed with 
conclusion that such UV-induced fibre grating devices may possess lifetime as long as 
25 years.  
This chapter predominantly exhibits a clear outcome of theoretical study which is also 
helpful in practical aspects for experimentalists.  The combination of current chapter 
with chapter 3 provides the basis for following experimental chapters in which novel 
applications for gratings with different structures are proposed and demonstrated.  
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Chapter 3 
 
 
 
 
Inscription of Advanced 
Fibre Gratings Utilising UV 
Laser 
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3.1. Introduction 
 
 
 
The significant discovery of photosensitivity in optical fibres led to the development 
of a new class of in-fibre components called fibre gratings. Photosensitivity refers to a 
permanent change of RI of the fibre core while expose to light with characteristic 
wavelength and intensity depending on the core material. In the recent years, owing to 
the numerous advantages of fibre gratings in a wide range of applications, they have 
attracted great attention over the other conventional fibre optic devices. Applications 
in which FBG structures are employed use the coupling between the forward and 
backward propagating core modes in the fibre while those using LPGs and TFGs 
utilise the other existent mode couplings, such as core-cladding and core-radiation 
mode coupling. 
In this chapter, the two main in-fibre grating fabrication techniques including two 
beam holographic and phase-mask methods will be discussed in details. These 
techniques have been employed to fabricate all the different types of gratings 
described and used in this thesis. The chapter contains a full discussion of the 
properties of four types of fibre gratings which were designed and fabricated using the 
above mentioned techniques. The discussion includes a comparative investigation of 
the UV inscribed tilted fibre gratings at different tilt angles which are applicable for 
different purposes. The chapter also documents the detailed description of the 
fabrication method and the unique growth characteristics of type IA gratings. The 
comparative experimental study of formation type IA in different types of fibre and 
the H2 diffusion effect in such samples are also addressed in this chapter. 
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3.2. Fabrication Techniques of Optical Fibre Gratings 
 
 
Here we describe various techniques used to fabricate standard and complex in-fibre 
grating structures. The objective is to give a detailed outlook on the employed 
technology for inscribing grating structures. Depending on the fabrication method, 
fibre gratings may be classified as internally or externally written. However, as the 
internally inscribed gratings may not be considered very practical and also there are 
no employed internally written fibre gratings in this thesis, we only describe the 
externally fabricated gratings in which, the inscription techniques are one of the 
followings: 
1- Two beam holographic technique (also named as interferometric technique) 
2- Point-by-point technique 
3- Phase mask scanning technique 
Externally written gratings have overcome the limitations of internally inscribed 
gratings and are considered far more useful in a different range of applications 
including optical sensing. 
3.2.1. Two Beam Holographic Technique 
 
 
This fabrication technique is an external inscription approach for writing fibre grating 
in photosensitive fibres. Figure 3.1 shows the two beam holographic UV fabrication 
system in our laboratory. In this setup, an incident UV laser light is split into two 
beams with equivalent intensity while passing through a 50:50 amplitude splitter.  
After that, the two beams are reflected by two highly reflective mirrors, depicted as 
M1 & M2 in Figure 3.1, and subsequently recombined on the optical fibre. The 
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interfering beams are normally focused to enhance the intensity to the fibre core by 
employing two cylindrical lenses inserted into the two optical paths. 
 
 
Figure 3. 1. Two-beam holographic FBG inscription system in the Photonics Research Group 
laboratory at Aston University. 
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Schematic diagram of the experimental setup for this technique is shown in Figure- 
3.2.  As one may notice from this figure, a beam expanding telescope system 
consisting two cylindrical optical lenses (C & D), is inserted to the optical path due to 
expanding the width of UV Gaussian beam in X-Z plane and the length of the two 
interfering beam on the forthcoming meet at the point where the grating is fabricated. 
 
Figure 3. 2. Schematic diagram of optical setup for fibre grating inscription using holographic 
technique. 
 
 
Aperture E in the above setup, which is usually placed after the beam expanding 
telescope and before the 50:50 amplitude splitter, selects the central portion for the 
expanded beam to achieve a uniform intensity profile. The maximum length of the 
written grating employing this setup is about 12 mm. F1 and F2, two cylindrical 
optical lenses, are used to focus the beams to the fibre core with enhanced intensity in 
y dimension.  The driven mathematical relationship between the Bragg wavelength 
and the system parameters is [75]. 
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For a fixed L0 (distance between the beam splitter & the fibre), the grating 
wavelength, (λB), can easily be tuned by adjusting the arm length, L1, in the setup 
shown in Figure 3.2. It should be mentioned that in this setup both arm lengths are 
equal, ie L1=L2.  L1 and L2 can be adjusted by moving the reflective mirrors, M1 and 
M2, to different positions by tuning the micrometer drivers attached to the mirrors. 
This all means that grating with desirable wavelength may be fabricated by simply 
changing the arm lengths in this system. 
 
The ability of grating fabrication with arbitrarily selected wavelengths by simply 
adjusting the angle between the two interfering beams is counted as the major 
advantage of this technique. Depending on the range of the employed Optical 
Spectrum Analyser (OSA) and the light source, holographically written FBGs, are 
normally in the range of 750 nm to 1650 nm. This inscription technique also has the 
main disadvantage of susceptibility to mechanical vibrations. In fact during a relative 
long time exposure, submicron displacements in the position of any optics in the 
fabrication system will cause poor fringe pattern, and consequently the poor quality 
grating. A number of solutions including prism interferometer [64, 67] and the Lloyd 
interferometer [76] based fabrication systems, have been reported. In these systems 
the optical setup is simplified by employing only one optical component so the 
sensitivity to mechanical vibrations is reduced. However the disadvantages are the 
limitation on the grating length and Bragg wavelength tuneability. 
 
In this thesis, most of gratings were fabricated using phase mask technique which is 
discussed in the following section. However, at some specific wavelengths where 
there were no available phase masks, the holographic technique was used. Table 3.1 
lists holographically written FBGs with the fabrication conditions for five gratings 
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with Bragg reflections in 1450 nm to 1475 nm range for telecom-supercontinuum 
laser system. 
Designed λB(nm) α ( ˚ ) L1 & L2 (mm) Achieved λB(nm) 
1450 16.01˚ 145.03 1450.10 
1455 16.07˚ 145.48 1455.02 
1460 16.13˚ 145.92 1460.08 
1465 16.19˚ 146.35 1465.11 
1475 16.3˚ 147.22 1470.04 
Table 3. 1. Designed data for FBG fabrication by employing the holographic method. 
 
Apart from these five gratings, two FBGs at 1568.44 nm and 1562.68 nm were also 
fabricated by the two beam holographic technique to be employed as wavelength 
seeders for a fibre ring laser cavity [chapter 6].  Figure 3.3 depicts a typical spectrum 
of a holographically written FBG at 1568.44 nm wavelength and strength of only 2.28 
dB due to the specific application of this FBG. 
 
Figure 3. 3. Transmission spectrum of a FBG fabricated by holographic technique. 
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3.2.2. Phase Mask Technique 
 
 
One of the most effective methods for reproducible fibre grating inscription is the 
phase mask technique, which is based on near-contact UV-exposure through a phase 
mask to the fibre. In this technique, the phase mask is employed as a diffractive 
optical element that is responsible for spatially modulating the incident UV writing 
beam. The phase mask is a one dimensional periodic surface relief pattern, with 
period Λpm etched into fused silica which can diffract the incident light into several 
orders named as m = 0, +/- 1, +/-2, ….. where m = 0 representing the transmitted 
light. Figure 3.4 presents the schematic of the beam diffraction from a phase mask 
while the incident angle (Φi) is zero. In such a situation, the diffraction angles of 
incident light are equal for negative and positive orders and the interference formed 
between different orders beam can be used to generate the fringe pattern to write a 
grating into the optical fibre. 
 
Figure 3. 4. Schematic of diffraction of an incident beam at angle Φi = 0 into various orders from a 
phase mask. 
 
 
 
As in most cases, orders m= +/-1 are employed for grating fabrication, it is necessary 
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to suppress all other orders to increase the visibility of the interference pattern. This 
issue has been considered in the structure of the phase mask; the profile of the 
periodic surface relief gratings is generated such that: 
 
1. The zero order diffracted beam is suppressed to less than few percent (typically less 
than 3%) of the transmitted light when the light is incident on the mask. 
2. The diffracted ± 1 orders are maximised and each order typically contains more 
than 35% of the transmitted light. 
As a result, a near field fringe pattern will be generated by interference of the first 
orders diffracted beams with a good visibility and a period equal to one-half of the 
mask. ie ΛGrating = 1/2( Λpm). The Bragg wavelength is then given by [3] 
pmeffeffB nn Λ=Λ= 2λ             (eq: 3.2) 
Over the years, the phase mask technique has developed to a level that the fabrication 
of almost 100% reflective gratings is now routine. The technique noticeably reduces 
the complexity of the grating inscription process. The experimental arrangement in 
our laboratory is presented in Figure 3.5. 
A 244 nm, CW frequency doubled Ar+ laser is used as the source of UV light. The 
translating mirror C and a cylindrical lens are mounted on a computer-controlled air 
translation stage. The stage can be moved relative to the fibre, permitting phase shifts 
to be incorporated into the fibre grating during UV-beam scanning across a phase 
mask which is located in a close proximity to the fibre. Thus it is capable of 
introducing a profiled coupling coefficient into a grating for inscription of complex 
grating structures. The cylindrical lens here is employed to focus the UV beam into 
the fibre core and increases the intensity of the beam irradiation in one dimension in 
the beam fibre plane. 
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Figure 3. 5. Experimental arrangements in the Photonics Research Group of Aston University for the 
phase mask fabrication technique. 
 
 
Spatial coherence of the UV source plays an important role in the phase mask 
technique [72], so the separation between the fibre and mask is a critical parameter 
during grating fabrication process. One may notice that if the fibre is placed in contact 
with the phase mask, it can cause damage to fine grating corrugation on the mask, so 
the stripped fibre in general is kept very close to but not touch the phase mask. In 
comparison with the two beam holographic method, employing phase mask provides 
a robust and stable method of reproducing highly reflective fibre gratings. Figure 3.6 
presents the microscope image of the fringe structure inscribed in the fibre core 
employing the phase mask technique. The image was examined and measured by use 
of the Axioskop 2 mot plus microscope (Carl Zeiss) in conjunction with AxioVision 
Cameras and Frame Grabbers system with high magnification. 
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Figure 3. 6. Microscope image of a uniform period UV inscribed FBG fabricated by phase mask 
technique. 
 
 
This technique enabled the author to fabricate the high quality complex grating 
structures, including, FBG arrays [application: chapter 4], CFBG [application: chapter 
5], TFGs and TCFGs with different tilt angles [application: chapter 6] and type IA 
gratings for different novel applications which will be discussed in details in the 
referenced chapters. 
Similar to other techniques, phase mask inscription method also suffers from some 
drawback including the limitation of Bragg wavelength variation, as an individual 
mask is required for each wavelength.  To overcome this problem, Prohaska et.al 
presented experimentally that by adding a converging lens before the mask it is 
possible to shift the Bragg wavelength to shorter wavelengths [78].  In another report 
by Zhang et.al the Bragg wavelength shift for a fixed mask periodicity was achieved 
by applying strain to the fibre during the UV illumination [79].  However in both 
mentioned technique the wavelength tuning is possible for over a small range and 
toward the shorter wavelengths.  In addition, the high price of the phase mask is 
another disadvantage that makes this technique an expensive approach to the fibre 
grating fabrication.   
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3.3. Chirped Fibre Gratings 
 
 
The majority of sensing techniques are based on most basic grating structures, i.e. 
FBGs. However, more novel sensors based on chirped or other tailored grating 
structures also have been reported in literatures for sensing and laser applications. 
There are many applications for which the reflection bandwidth of a uniform grating, 
typically < 0.2 to 0.5 nm, is too narrow. Strong uniform gratings can provide wider 
bandwidth but are then inevitably accompanied by substantial, unavoidable losses on 
the short-wavelength side of Bragg wavelength and a significant overall UV-induced 
loss. Fabrication of CFBGs is an alternative approach to realising wider reflection 
bandwidths [80]. 
In a CFBG, the Bragg condition varies continuously or quasi-continuously along the 
length of the grating. Here the Bragg condition (equation 3.2.) varies with position z 
along the grating length by changing the amount of neff or Λ along the grating length. 
 
Figure 3. 7. Schematic diagram of a CFBG showing longer wavelengths travel further in the grating 
than shorter ones. 
 
 
 
Clearly, different wavelengths reflected from different positions will correspond to 
different time delays, as shown in Figure 3.7; this property is widely used to 
compensate for standard fibre dispersion in high-bit-rate optical communication 
systems and in laser cavities [74]. Although interest in CFBGs focused originally on 
their mentioned potential application in telecommunication system, they have found 
other applications in different areas. In fibre optic sensing, they can be used for 
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wavelength encoding of measurands and demodulation, as well as wavelength 
selective devices in fibre lasers and spectrally broad band pass and band stop filters 
[80]. Chapter 5 of this thesis contains the detailed explanation of a novel application 
of the CFBGs with modified structures in which the gratings are employed for 
simultaneous measurement of temperature and RI of the surrounding medium. 
Since a chirp is achieved simply by varying the grating period, the average index or 
both along the length of the grating, the method chosen for making the grating must 
target one or both of these parameters.  In my research work, a chirped phase mask 
has been used to fabricate CFBGs. The fabrication method is exactly the same as the 
phase mask scanning method explained in the last section but utilising a chirped phase 
mask instead of a uniform phase mask. The employed phase mask in this experiment 
was in a circular shape with the radius of 20 mm, a central pitch of 1070.6 nm and the 
chirp rate of about 1.11 nm/mm. In order to characterise the employed phase mask, 
two sets of CFBG were fabricated: 
 
1. CFBGs with different lengths (5 mm, 20 mm and 48 mm) and the same central 
wavelength of ~ 1542 nm. The transmission loss profiles of this set are presented in 
Figure 3.8. 
 
2. CFBGs with the same length of 5mm, fabricated by employing different parts of 
the phase mask. Figure 3.9 exhibits the spectra of these CFBGs. 
 
All CFBGs were fabricated while the laser source was running at 100 mW with the 
driven current set at 36.9 mA. The scan velocity was set at 0.05 mm/s during the 
fabrication process of 5 mm and 20 mm long CFBGs while it was increased to 0.07 
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mm/s for 48 mm long CFBG. Due to the large size of 48 mm CFBG, the fibre 
experienced a longer UV exposure time during the fabrication process so the scan 
velocity of 0.07 mm/s was considered to be sufficient for achieving a comparable 
profile from this CFBG. 
 
Figure 3. 8. Transmission spectra of CFBGs fabricated by the phase mask technique. 
 
 
 
The above figure shows the transmission loss profiles of three UV written CFBGs 
with the fabrication lengths of 5 mm, 20 mm and 48 mm employing the same phase 
mask.  During the fabrication process, the central wavelength of these gratings was set 
to be the same. However, as the mask period varies continuously along its length the 
central wavelengths of three gratings are slightly apart from each other. Regardless of 
the same fabrication condition of 20 mm- and 5 mm- CFBG, Figure 3.8 evidently 
shows a stronger loss profile for 20 mm- CFBG. This can be explained by considering 
the fact that for the same scan velocity, the fibre has experienced more UV exposure 
during the fabrication of the longer grating than the shorter one. The same figure also 
presents, 48 mm- CFBG as the weakest grating in this set due to a faster scan speed 
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(0.7 mm/s) over the inscription process. Figure 3.9 exhibits the transmission spectra of 
two 5 mm- CFBGs (C1 and C2) written by employing different parts of the chirped 
phase mask. The figure clearly indicates that fabricated CFBGs corresponding to 
different parts of the mask have different central wavelength. The measured 
bandwidth for C1 (CFBG located at shorter wavelength side) and C2 (CFBG located at 
longer wavelength side) was 5.81 nm and 6.23 nm respectively. This indicates that the 
phase mask is positively chirped having smaller period in the shorter wavelengths and 
a gradual increase in period toward the longer wavelength side. To clarify the 
argument, the schematic diagram of the employed chirped phase mask is 
demonstrated in Figure 3.10. This figure addresses the schematic of employed 
corresponding parts of the mask to fabricate C1 and C2. 
 
Figure 3. 9. Transmission spectra of 5 mm CFBGs fabricated using different part of the mask. 
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Figure 3. 10. Schematic of the chirped phase mask and pointing different parts that were employed for 
inscription of each CFB. 
 
 
 
3.4. Fibre Gratings with Tilted Structures 
 
 
In 1990, TFGs were demonstrated by Meltz et.al for the first time [81]. Later in 1996 
theoretical study on TFG structures and simulation spectra of small angle tilted 
gratings were revealed by Erdogan and Sipe [61]. The simulation spectra of small 
angle TFG based on this theory were in good agreement with the experimental data. 
Advanced UV inscription technology has led to development and study of TFGs with 
different angles recently. Depending on their tilting angles, TFGs have their unique 
device functionalities for a range of applications including in-fibre spectrometer [82], 
EDFA gain flattering [83] and optical sensor interrogation system [84-86]. Also due 
to the special polarisation property of TFGs, which is discussed later in this thesis, 
they have been implemented as in-line polarimeters [87, 88], high extinction ratio in-
fibre polarisers [chapter 6] and Polarisation Dependent Loss (PDL) equalisers [89-91]. 
Many of the mentioned reports are based on employing TFGs with small tilt angles or 
maximum at 45º, where the light is only coupled from the forward propagating core 
mode to the contra-propagating cladding modes or to the radiation modes. Recently, 
the theoretical and experimental investigations of large angle (>45°) TFGs and a 
detailed study of the characteristics of forward mode coupling were reported by Zhou 
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et.al [92]. He performed the investigation showing advantages of TFGs with large tilt 
angles in temperature, twist, RI and strain sensing [93-95]. Also his theoretical 
simulation of transmission loss profiles of TFGs with different angles for mode 
coupling with two orthogonal polarisation states proved that 45º-TFG exhibits the 
maximum PDL. 
 
3.4.1. Design Principle of TFGs 
 
 
 
There are two inscription methods to achieve a tilted structure for a fibre grating: 
1. In the phase mask inscription system: tilting the phase mask with respect to the 
fibre as it is illustrated in Figure 3.11. 
 
 
Figure 3. 11. Phase mask technique for TFG fabrication. Note the mask has been tilted by angle α. 
 
 
 
2. In the holographic system: rotating the fibre about the axis normal to the plane 
introduced by two interfering UV beams. Figure 3.12 shows the inscription of TFGs 
employing holographic technique. 
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Figure 3. 12. Two beam holographic technique for TFG fabrication while the fibre has been rotated by 
angle Φ. 
 
However, since by rotating the fibre the interference area is reduced the stability 
concerns become more important.  In fact even a submicrometer displacement in the 
positions of the beam splitter, mirrors or any other optics mounted in the 
interferometer during UV exposure results in drifting the fringe pattern and washing 
out the grating from the fibre. 
On the other hand, as it has been mentioned in section 3.2, for a specific wavelength, 
high quality gratings can be easily fabricated employing phase mask inscription 
technique. Therefore, all TFGs in this thesis were UV inscribed by using the first 
method. 
 
 Due to the cylindrical geometry of the fibre, the internal grating tilted angle θint is 
different with the external phase mask angle in the phase mask technique or the angle 
of fibre rotation in holographic system θext. 
 
In the phase mask technique, the internal angle of the grating, θint, has the following 
relationship with the external phase mask tilting angle, θext  [93]: 






−=
−
extn θ
piθ
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1
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2
1
int                  (eq: 3.3) 
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Where, n is the RI of the fibre. 
 
Figure 3. 13. Schematic diagram of a TFG structure exhibiting the difference between internal and 
external tilt angles. 
 
 
 
As illustrated in Figure 3.13, the internal grating period of a TFG, ΛG, is depending on 
the UV interference fringe period, Λext by the following relationship: 
       
ext
ext
G θ
θ
cos
cos intΛ
=Λ                      (eq: 3.4) 
The UV interference fringe period, Λext can be considered as Λext = Λpm /2 where Λ is 
the pitch of the phase mask. When the light composed of a range of different 
wavelength probed into the core of the host optical fibre and meets a TFG, two main 
processes occur: firstly the light will be diffracted out from the core of the fibre by 
TFG and secondly it will travel to the cladding until it reaches the boundary of the 
fibre cladding. Figure 3.14 graphically presents the phase matching conditions for 
TFGs with tilt angles (θ ) <, = and > 45º. 
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Figure 3. 14. Phase matching conditions for TFGs with tilt angles, θ  <, = and > 45°. Note: ϕ  is the 
incident angle of the radiated light at the cladding boundary. 
 
 
The strongest mode coupling only happens when the below phase matching condition 
is satisfied [88]:                            
coreGR KKK
rrv
+=                  (eq: 3.5) 
 
 
In the above equation, GR KK
rv
,  and coreK
r
 are the wave vectors of the radiated light, 
tilted grating and core mode, respectively. Due to the negligible difference of the 
refractive indices of cladding and core, we may ignore the amplitude difference 
between RK
v
and coreK
r
.  As shown in Figure 3.14, the coupled light will be directed 
to different optical paths depending on the tilt angle of the grating (θ ). This figure 
indicates that for θ < 45°, the radiation angle Φ is an obtuse angle and the core mode 
will be coupled to the backward propagation direction, but for θ > 45° while the 
radiation angle Φ is an acute angle, the core mode will be coupled to the forward 
propagating direction. At θ = 45° and the radiation angle Φ = 90°, all the phase 
matched light will be radiated out from the side of the fibre. The Total Internal 
Reflection (TIR) effect at the cladding boundary is also another important factor that 
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should be carefully noticed. Due to TIR when the coupled light is radiated out of the 
core, it either is confined and propagates into the cladding or is not bound by the 
cladding and tapped out from the side of the fibre. The range for radiation mode 
coupling can be defined by the critical angle cα :   
      
2
1arcsin
n
n
c =α                  (eq: 3.6) 
Where in the above equation, 1n  and 2n are refractive indices of the surrounding 
medium and cladding, respectively. If air is the surrounding medium of the fibre 
( 1n ~1), by employing equation 3.6 the critical angle can be calculated as cα = 43.8˚.   
Using the same equation, cα  = 67° will be achieved if we change the surrounding 
medium from air to the water with the RI of about 1.33. As presented in Figure 3.16, 
ϕ is the incident angle of the phase matched light that has been radiated out from the 
core to the cladding / surrounding medium boundary. This angle is related to the 
internal tilt angle of grating, θ , by:   
          
2
2 piθϕ −=                 (eq: 3.7) 
Now if cαϕ <  , the range of the radiation mode out coupling will be defined as 
cc 21 θθθ <<  when c1θ and c2θ  are introduced by the following equations: 
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Figure 3.15 illustrates this concept and addresses the calculated value for this range 
which is 23.1° to 66.9° when air is the surrounding medium and 11.5° to 78.5° in 
water surrounding medium. As it is also presented in the figure, the light will be 
radiated out from the fibre as it can not be confined by the cladding in this range. 
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However, beyond or below this range, all the light will be bound to the fibre, as it will 
coupled to the contra- or co-propagating cladding modes, respectively. 
 
Figure 3. 15. Three coupling regimes for the phase matched light: (a) θ < θ1c: Contra-propagating 
cladding mode coupling (b) θ1c< θ <θ2c: radiation mode coupling and (c) θ > θ2c: forward cladding 
mode coupling. 
 
 
 
3.4.2. TFGs with Small Tilted Structure 
 
 
 
A comparative study of the characteristics of radiation-mode out-coupling in TFGs, 
including the fabrication and characterisation of several TFGs and TCFGs was carried 
out. A set of six 10 mm-long TFGs with the external tilt angles of 0°, 2°, 4°, 6°, 8° 
and 10°, were fabricated in SMF-28. In this fabrication process, we employed the near 
field interference pattern of a uniform phase mask with the pitch, length and width of 
1083 nm, 30 mm and 13 mm respectively. Prior to the fabrication, the photosensitivity 
of the fibre samples was enhanced by pressurising them in hydrogen for a period of 48 
hours at 150 bars and 80˚c. The phase mask was illuminated with a 244 nm UV beam 
with an average power of 100 Mw.  Figure 3.16 presents the transmission spectra of 
these TFGs. 
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Figure 3. 16. Transmission-loss profiles of six TFGs with external tilt angles from 0° to 10°.  Note: the 
spectra were measured when the TFGs were submerged in index match gel to ensure the smooth 
profiles. 
 
TFGs consist of a RI modulation that is purposely tilted relative to the fibre axis in 
order to increase coupling between the forward propagating core mode and the contra-
propagating cladding modes. As shown in Figure 3.16 the transmission loss profiles 
of the TFGs are strongly dependent on their tilt angles. With increasing tilt angle, the 
Bragg peak shifts toward the longer wavelengths whilst its strength decreases until it 
fully disappears from the profile of 10°-TFG where all light is coupled to the cladding 
modes. This figure also indicates that the radiation mode out coupling changes 
gradually with the change in the tilt angle. With increasing tilt angle, the strength of 
the radiation mode coupling reduces and the central wavelength shifts toward the 
shorter wavelength side. The dynamic range of the radiation mode out coupling is also 
increased when the fringes are more tilted. Over the fabrication process, it was noticed 
that for the same laser power, longer exposure time is required to obtain a high quality 
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radiation profile of a TFG with larger tilt angle. This is due to the reduction of the 
interference area after the phase mask being more tilted. As a solution for fabrication 
of stronger TFGs with tilt angles larger than 4°, we have used the hydrogen loaded 
B/Ge fibre which benefits form much higher intrinsic photosensitivity comparing with 
SM-28 fibre. 
In order to obtain smooth transmission profiles of tilted gratings, the TFGs were 
immersed in index gel while measuring their transmission spectra. Figure 3.17 
exhibits an example of the transmission profile of 8º TFG, before and after being 
immersed in index gel. The dense resonances cover 1400 nm – 1500 nm range are 
caused by the core-cladding coupling and the reflection at the cladding-air boundary. 
So the multiple resonances can be removed by immersing the grating in index 
matching gel to generate an infinite cladding layer. In this case, the light is coupled 
from the core mode to radiation modes, thus the dense resonances evolve to a smooth 
transmission loss profile. 
 
Figure 3. 17. Transmission spectra of 8º-TFG UV inscribed in B/Ge fibre using the phase-mask 
method. Note: The resonance profile was obtained when the grating was surrounded by air and the 
smooth profile obtained when the grating was immersed in the index matching gel. 
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For a small tilt angle, for example 2º, it is possible to produce a well defined single 
loss band that is blue-shifted with respect to the main Bragg feature as shown in 
Figure 3.18. This loss band is called ghost dip as it is comparable in size to the Bragg 
reflection dip [96]. 
 
Figure 3. 18. Transmission spectrum of UV inscribed externally 2º TFG in SMF 28 fibre employing the 
phase mask method. 
 
3.4.3. TCFGs with Small Tilting structure 
 
 
 
We used the earlier mentioned chirped phase mask to fabricate TCFGs with small 
tilted structures by rotating the mask at angles of 0°, 2°, 4°, 6°, 8°and 10°. These six 
TCFGs with the length of 10 mm were all fabricated in hydrogen loaded B/Ge 
codoped optical fibre.  Transmission loss profiles of the fabricated TCFGs are 
illustrated in Figure 3.19. 
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Figure 3. 19. Transmission spectra of TCFGs with the external tilt angles from 0° to 10°. Note: the 
spectra were measured when the TFGs were surrounded by air. 
 
 
 
Similar to TFG coupling mechanism, in TCFGs also the coupling takes place between 
the guided light in the fibre core and the radiation mode field in a contra-propagating 
direction, but much more stronger than in TFGs with similar tilted structures. In the 
case of a broadly tilted chirped grating as we can see from Figure 3.19, the loss peaks 
induced from the radiation mode out-coupling for different wavelengths are spectrally 
superimposed, resulting in one broad and almost smooth transmission loss peak, and 
this radiation loss band becomes broader and shifting to the shorter wavelength side 
with increasing tilt angle. The investigated results clearly show that in general, the 
spectral response of the loss peak in TCFG depends on the number of factors such as 
tilting angle, chirp rate and the coupling strength. 
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3.4.4. Polarisation Characteristics of Small Angle Tilted Fibre Gratings 
 
 
 
Experiments were carried out to investigate the spectral response of tilted gratings to 
different polarisation states. The experimental setup is shown in Figure 3.20. 
 
Figure 3. 20. Schematic diagram of experimental setup for characterising the polarisation response of 
TFGs with small tilted structure. 
 
 
Light emitted from a broad band source, BBS, was guided into a polariser and a 
polarisation controller (PC) through a pigtail. The PC was used to adjust the 
polarisation state of incident light to a TFG or a TCFG. The transmitted light was 
directed into OSA in which the transmission spectrum was displayed and recorded. In 
order to obtain the high quality experimental results, the resolution of OSA was set as 
0.06 nm. Figures 3.21 (a, b) and 3.22 (a-c) present the polarisation responses of TFGs 
and TCFGs, respectively. We have realised that there is no noticeable polarisation 
dependency for gratings with the external tilt angles of 2° and 4° in both standard and 
chirped tilted gratings and the polarisation effect only start to show for the TFGs / 
TCFGs with external tilted angles larger than 6°. 
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Figure 3. 21.  Transmission spectra of the UV induced TFGs with external angle θ = (a) 6° and (b) 10° 
in two polarisation states.  Note: the blue graph in figure. (b) is the transmission spectrum of the TFG 
when the probed light is not polarised. 
 
 
 
 
 
Figure 3. 22. Transmission spectra of the UV induced TCFGs with external angle θ = (a) 6°, (b) 8° and 
(c) 10° in two polarisation states. 
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In both figures the red and black curves show the radiation mode profiles of tilted 
gratings for probed light with two orthogonal polarisation states that have been 
achieved by adjusting the polarisation controller. From Figure 3.21 we can see that for 
6°- and 10°-TFG, when the polarisation of the probe light changes, the central 
wavelength of the coupled cladding mode shifts noticeably but hardly affecting the 
loss peak strength. Especially for the 10°-TFG, we can see when the grating is excited 
with un-polarised light, all coupled cladding modes give ~5dB broader loss peaks as 
shown by blue trace in Figure 3.21 (b), and when the grating is probed by the 
polarised lights, two sets of narrower and stronger (~12dB) polarisation slit peaks 
generated. However, we see a quite different picture for TCFGs.  
From Figures 3.22 (a-c), it is evident that the polarisation induced shift in central 
wavelength of the radiation loss profile is almost negligible in TCFGs. However the 
strength change in transmission profiles of the TCFGs with switching the polarisation 
state from one to another is much more significant and the strength change becomes 
more noticeable with the increase in the tilt angle of TCFG from 6° to 10°. This 
indicates that the PDL value increases with the tilt angle of TCFG. As we will see in 
chapter 6 of this thesis, the observed polarisation dependency of small angle tilted 
gratings will present themselves as a good candidate of polarisation loss filter and 
being employed as infibre polariser in a fibre ring laser cavity to enable single 
polarisation output. 
3.4.5. Thermal Responses of Gratings with Small Tilted Structures 
 
 
In order to investigate the thermal responses of small angle tilted gratings, the 0°-, 6°-, 
10°- TFGs and 0°-, 4°- and 6°- TCFGs were subjected to the thermal condition by 
increasing the temperature from 10° to 80°C with an increment of 10°C and the 
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spectra were recorded for each temperature. Figure 3.23 presents the thermal response 
of a normal FBG ( 0°-TFG) which was measured ~ 11.5 pm/°C. Figure 3.24 exhibits 
the wavelength shift of three selected dual peaks of 6°-TFG at around 1500 nm, 1510 
nm and 1520 nm against temperature variations. From this figure the thermal 
sensitivities of 9.82, 9.91, 10.21, 10.29, 10.52 and 10.63 pm/°C were measured for the 
three sets of dual peaks at 1500 / 1500.1 nm, 1510.4 / 1510.5 nm, and 1520.3 / 1520.4 
nm, respectively. 
 
   
Figure 3. 23. Thermal response of normal 
FBG. 
Figure 3. 24. Thermal responses of three 
selected dual   peaks of 6°TFG at 1500 nm, 
1510 nm and 1520 nm. 
 
 
 
Figure 3. 25 also presents the thermal responses of the three selected polarisation dual 
peaks of the 10°-TFG and gives the measured thermal sensitivities of 9.12, 9.2, 10.0, 
10.1, 10.31 and 10.43 pm/°C for resonances at 1499.6, 1499.7, 1515.8, 1515.9, 1543.2 
and 1543.3 nm respectively. 
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Figure 3. 25. Thermal responses of three selected dual peaks of 10°TFG at 1499.6 nm, 1515.8 nm and 
1543.2 nm. 
 
 
 
Our investigations show the correspondent thermal sensitivities of 6°- and 10°- TFGs 
are similar and increase slightly for coupled cladding modes with lower orders (longer 
wavelengths) in the range of ~ 1500 nm to 1550 nm and slightly less than the thermal 
sensitivity of normal FBG as presented in Figure 3.23. 
 
The measured temperature responses of 0°-, 4°- and 6°-TCFGs are also presented in 
Figure 3.26.  The experimental results indicate the similar value of thermal 
sensitivities of ~ 11 pm/°C for 4°- and 6°-TCFGs. This response is also quite close to 
the measured temperature sensitivity of a normal CFBG which is 10.7 pm/°C. Our 
observations present the tilting angle in TCFGs has a negligible effect on the thermal 
response of this class of gratings. 
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Figure 3. 26. Thermal responses of  0°-, 4°- and 6°- TCFGs. 
 
 
Two TFGs with the internal tilt angle of 79.6° and 81.7° were UV inscribed in H2 
loaded SMF-28 optical fibre employing a custom designed amplitude mask with the 
pitch of 6.6 µm. Considering the relationship between internal and external tilt angles 
of a TFG, equation (3.3), to fabricate 79.6° and 81.7° the mask was rotated at 75° and 
78° respecting to the fibre axis respectively. The grating lengths were 12 mm limited 
by the size of the amplitude mask. Due to the large pitch size of the mask, there will 
be less index fringes created in the fibre core, resulting in weaker grating, so multiple 
scanning was employed during the fabrication. Figures 3.27 (a) and 3.28 (a) exhibit 
the transmission spectra of 79.6°- and 81.7°- TFG when the randomly polarised light 
was probing the gratings. Here the tilt angle )9.66(81.7) and 79.6( 2 °>° cθθ so the light 
is coupled to the forward propagating cladding modes and series of dual polarisation 
peak resonances will appear in the transmission spectra. The strength of these dual 
peaks is about 3 dB when the randomly polarised light is probed in.  Figures 3.27 (b) 
and 3.28 (b) present the zoomed spectra of one paired polarisation loss peaks of 
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79.6° and 81.7°- TFG around 1550 nm measured with randomly and fully orthogonal 
polarised states (P and S) of input light, respectively. When the light is switched to 
one of the polarisation states, one of the dual peaks grows to its maximum where the 
other one is almost vanished from the spectrum. 
 
Figure 3. 27. (a) Full transmission spectrum of 79.6°-TFG and (b) zoomed spectra of one paired 
polarisation loss peaks of 79.6°-TFG around 1550 nm measured with randomly (black line) and fully 
polarised input lights (red and blue lines). 
 
 
Figure 3. 28. (a) Full transmission spectrum of 81.7°-TFG and (b) zoomed spectra of one paired 
polarisation loss peaks of 81.7°-TFG around 1550 nm measured with randomly (solid line) and fully 
polarised input lights (dashed lines). 
 
 
As it is clearly seen from Figures 3.27 (b) and 3.28 (b), the mode separation between 
two orthogonally polarised modes in these two TFGs is quite large (~ 6 nm) 
comparing with small angle TFGs. This might happen as a result of the high 
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birefringence induced by the highly asymmetric structure of TFGs with largely tilted 
structure. As it will be discussed in chapter 6, we used the large angle TFGs as PDL 
filters in fibre ring laser for multiwavelength switchable operation. 
3.4.6. Thermal Responses of Gratings with Large Tilted Structures 
 
 
 
The two large angle TFGs were characterised in term of their thermal responses. 
However as their transmission loss profiles were covering a very broad range, from 
almost 1300 nm to about 1700 nm, only two pairs of dual peak, one at the lower and 
the other at the longer wavelength side were selected from the transmission spectra of 
the two TFGs for a comparative study. We chose two pairs of dual peaks one at 
1314.1 / 1320.2 nm and the other at 1672.2 / 1680.3 nm from the loss profile of 79.6°-
TFG. From the transmission spectrum of 81.7°-TFG, also two pairs of dual peak at 
1335.6 / 1340.8 nm and 1664.0 / 1671.6 nm were selected. The TFGs were subjected 
to the temperature measurement while the temperature was rising gradually in the 
range of 10°C to 60°C with the increment of 5°C and the thermal sensitivity of the 
selected dual peaks was measured as presented in Figure 3.29. 
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Figure 3. 29. Thermal responses of the selected two pairs of dual peaks at 1341.1 /  1320.2 nm and 
1672.2 / 1680.3 nm from 79.6°-TFG and two pairs of dual peaks at 1335.6 / 1340.8 nm and 1664.0 / 
1671.6 nm from 81.7°-TFG spectrum. 
 
 
The measured thermal sensitivities for two sets of dual peaks from 79.6°-TFG at 
1314.1 nm, 1320.2 nm, 1672.2 nm and 1680.3 nm are 5.92, 5.83, 8.9 and 8.0 pm/°C 
respectively and those for 81.7°-TFG at 1335.6 nm, 1340.8 nm, 1664.0 nm and 
1671.6 nm are investigated as 3.8, 3.6, 5.2 and 5.0 pm/°C respectively. These data 
indicate that although the thermal response of dual peak with two orthogonal 
polarisation states are similar, the peak appeared at the longer wavelength has 
exhibited a bigger temperature sensitivity in all four selected peaks of each TFG. By 
comparing the selected pair of dual peaks in 79.6°- and 81.7°-TFGs, it is noted that in 
general 79.6°-TFG is more temperature sensitive than and 81.7°-TFG. Overall, the 
investigated values are evidently much lower than the typical value of the temperature 
sensitivities of normal FBGs and TFGs / TCFGs with small tilted structures.  This 
result can be explained by considering the fact that thermal response of a fibre grating 
is based on thermal expansion coefficient of the fibre corresponding to the variation 
of the grating’s period and thermo-optic coefficient of the grating that is related to the 
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change in the modal index.  It is well-known that, the latter effect is the dominant 
responsible process for the grating’s wavelength shift due to the temperature 
variations and in large angle TFGs, the thermo-optic coefficient of the grating is less 
than normal FBGs or small angle TFGs. The low thermal sensitivity of large angle 
TFGs introduces a new advantage of overcoming the thermal cross-sensitivity in 
applications. 
 
3.5. Type IA Gratings 
 
 
 
Considering the concept of photosensitivity and based on different growth 
mechanisms, FBGs can be categorised into four classes: Type I, Type II, Type IA and 
Type IIA. Fabrication of Type I gratings does not require necessarily hydrogenated 
fibres as they can be written in both hydrogenated and non-hydrogenated fibres and 
by relatively short exposure time [97-99]. However, in hydrogenated fibre by 
increasing the inscription exposure time, the index modulation depth reduces resulting 
in disappearance of Type I grating and formation of Type IA and Type IIA grating in 
association with different photosensitivity mechanisms. Type IA gratings first 
discovered by Liu et.al in hydrogen loaded fibres and a long exposure time [100-102]. 
Type IA gratings have a distinct growth profile from other grating types. This class of 
grating starts to form on the longer wavelength side of the initial Type I grating while 
still the initial grating is being erased. With the extended exposure time, a large 
increase in the mean index of the fibre core occurs which is identified from 
continuous red-shifting of the regenerated grating. This red-shifting depends on a 
number of factors including the hydrogenation condition and fibre type. There are 
four reported methods for fabrication of regenerated gratings: 
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1) Long time exposure in holographic inscription setup. 
2) Static beam exposure through a phase mask. 
3) Repeated scanning beam in phase mask fabrication technique. 
4) Blank beam pre-exposure technique. 
The main in common disadvantage of the first three techniques is the requirement of 
the micron scale interference pattern for the full duration of long time exposure; 
presence of the fringe pattern over the long time exposure, that can take from 20 mins 
to about 5 hours, would cause the stability concerns. 
In the first method in which the holographic fabrication system is used, an extra care 
must be taken to assemble the component such that any vibrations affecting the 
interference fringes are minimised. The stable operation of this technique demands 
good quality devices such as optical lens mounts carefully fixed to an optical bench 
and an air bearing stage system to isolate the optical bench from ground vibrations. 
Even with a perfect setup, the quality will be degraded due to the large mechanical 
distance between the beam splitter and the interference fringes. Also the unavoidable 
vibrations within the system will increase with the distance, resulting in a degraded 
quality of the extended exposure. 
 
 In static beam phase mask exposure method, FBG inscription demands the minimum 
of equipment but the high quality flexure stages are essential. The technique is one of 
the best for simple grating design; however, it suffers from the high cost of the phase 
mask itself and its wavelength limitation. This system has the same drawbacks as the 
holographic method in terms of the reduced quality of the fringes visibility due to the 
stability concerns. A uniform exposure over the grating length and eliminating the 
system vibrations is hard to achieve, however, owing to the small distance between 
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phase mask and the interference fringes, (roughly 100 µm), in general this method is 
more reliable and also more stable than the first one. 
 
 
Scanning beam phase mask fabrication is also a well known method of grating 
fabrication. The technique is similar to the static beam phase mask technique but here 
a small UV-beam is scanned across the optical fibre to induce index modulation. This 
system again seems straightforward in principle, however, it is very difficult to 
perfect. In this method a mirror (usually a very complicated and expensive piece of 
equipment) is placed on a translation stage that scans the beam along the length of the 
phase mask thus inscribing a grating within the fibre core. In this system an aperture 
card is used to ensure a uniform exposure of the grating. 
Under the perfect conditions when the system is well equipped with an extremely 
high quality translation stage and other required devices, this technique exhibits some 
advantages over the static beam phase mask method. Scanning beam phase mask 
technique is capable of writing the gratings as long as the employed phase mask or 
even longer while still ensures a uniform intensity profile utilising an aperture card. 
 
In blank beam pre-exposure technique, the fibre properties will change prior to 
grating fabrication. The principle of this technique is similar to the standard scanning 
beam inscription setup but here the phase mask is removed so that the UV-beam will 
pass through a section with no phase relief pattern and the fibre will be pre-exposed to 
the UV radiation till becomes preconditioned and the index change will be saturated 
to a certain degree over several scanning process. At this stage, the phase mask will 
be reintroduced to the system and the Type IA grating will be written in a standard 
way. This method was introduced in OFS 2003 for the first time [103] where the 
 95 
association between the maturity level of fibre and the absorption band at 1400 nm 
was presented. We used this method to fabricate several samples containing a pair of 
type I - IA gratings in different types of fibre. 
Three types of fibre: PS 1250/1500, SM1500 and B/Ge co-doped fibres, were 
hydrogen loaded at 200 bar and 80°C for 48 hours and stored for a short period at       
-40°C till they have been used. A phase mask with the length, width and the period of 
50 mm, 3.0 mm and 1060.85 nm respectively was employed for the fabrication of a 
pair of Type I - IA gratings in all three different fibres. It should be noted that the 
following given experimental parameters for fabrication of gratings in different fibre 
types are achieved by experimentally examining of different setup parameters. So the 
reported parameters for each fibre type have been experimentally proved to be the 
best. The transmission loss profile of a standard FBG and a Type IA grating inscribed 
in PS1250/1500 fibre is presented in Figure 3.30. 
 
Figure 3. 30. The transmission spectrum of a pair of Type I- IA gratings in PS1250/1500 fibre.  Note: 
the big absorption los s~ 14 dB at 1400 nm that formed during the blank beam exposure process 
indicates the maturity of the fibre. 
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In order to write the Type IA grating in PS 1250/1500 fibre, 5 mm length of the fibre 
was pre-exposed to UV radiation from a Sabre FreD laser at 244 nm running at 200 
mW over 20 times scanning with the scan velocity of 0.05 mm/s while the phase mask 
had been removed. The transmission spectrum of the fibre was monitored using a 
BBS and an OSA during the blank beam exposure process in order to indentify the 
maturity of the fibre by monitoring the absorption band at 1400 nm.  As this 
absorption band is due to the formation of OH ions in the fibre and not depending on 
the modulated index change needed for FBG fabrication, therefore monitoring the 
transmission loss at 1400 nm gives an accurate feedback about the maturity of the 
fibre. When this loss saturates the fibre is fully mature and ready for the fabrication of 
the Type IA grating. As depicted in Figure 3.30 the transmission loss at 1400 nm of 
about 14 dB was achieved during 20 scans of blank beam exposure so the phase mask 
was reintroduced and type IA grating was formed by UV scanning of 3 mm long 
piece of the pre-exposed area with the scan velocity 0.01mm/s. Then we inscribed a 5 
mm long standard FBG located 3 mm apart from the pre-exposed region of the fibre 
by employing the same setup and a single scan at 0.1 mm/s velocity. As it was 
expected, Figure 3.30 evidently shows the appearance of Type IA grating on the 
longer wavelength with the red-shift of 16.8nm respecting to the normal FBG (Type I) 
due to large increase in the mean RI of the fibre core caused by the growth of Type IA 
grating. The observed ghost mode at 1546.98 nm in the same figure also can be 
referred to the same reason; the increase in the mean refractive index of the core was 
sufficient for the fibre to become few moded in the pre-exposed section of its length. 
 
In order to investigate the characteristics of Type IA gratings written in different types 
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of fibre, the same setup and technique was used to fabricate a pair of Type I - IA 
gratings in SM1500 fibre. Figure 3.31 shows the loss profile of this sample. 
7 mm length of the fibre was pre-exposed during three times scanning with the 
velocity of 0.05 mm/s at the laser power of 300 mW. The fibre became mature while 
the transmission loss of absorption band at 1400 nm saturated with the strength of ~ 
7dB.  Then, 3 mm long Type IA grating was UV inscribed by a single scan at 0.05 
mm/s velocity in the pre-exposed region of fibre core. A standard 3 mm long FBG 
was written 3 mm apart from the pre-exposed area of the fibre core during one scan 
with 5mm/s scan velocity. Figure 3.31 also shows the red-shift of 12.42 nm of Type 
IA grating which is different from the observed red-shift value in PS 1250/1500. 
 
Figure 3. 31. The transmission spectrum of a pair of Type I, IA gratings in SM1500 fibre. 
 
 
The further study was carried out with the same experimental setup for B/Ge co-
doped fibre. Again 7 mm length of fibre was blank pre-exposed to the UV radiation 
while the laser was running at 180 mW during 5 scans at the velocity of 0.5 mm/s. 
The maturity of the fibre was realised while the transmission loss of absorption band 
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at 1400 nm saturated at about 7 dB. Then 2 mm long Type IA grating was fabricated 
in the pre-exposed area by one scan at 5 mm/s. 3mm apart from the blank exposed 
part of the core, a 5 mm long FBG was written over a single scan at 12 mm/s. The 
transmission spectra of these gratings are exhibited in Figure 3.32. The figure 
indicates a red-shift of 12.04 nm for Type IA. This value is similar to the measured 
red-shift value of Type IA grating in SM1500 but still different by 0.38 nm. In overall 
we can see that the observed red-shift values of Type IA gratings fabricated in three 
different types of fibre are different, indicating that the change in the mean RI of core 
depends on the fibre type. 
 
 
Figure 3. 32. The transmission spectrum of a pair of Type I, IA gratings in SM1500 fibre. 
 
 
During fabrication of several Type IA gratings over a large period of time and using 
three different types of hydrogenated fibre, it was noticed that the concentration of H2 
is one of the most important key issues in the quality of written gratings and the 
maturity level of the fibre, which will be further examined in the following section. 
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3.5.1. Hydrogen Diffusion Effect In Type I- IA Gratings 
 
 
 
During the grating inscription, a portion of UV light is absorbed by the fibre seeing as 
a slight blue spot at the point where the laser is incident. This absorption causes a 
significant temperature increase at that point which remains localised due to the very 
small thermal mass of fibre core and immediately cools down when the UV radiation 
is removed. If the UV induced absorbed energy is sufficiently large, the temperature 
increase will be large enough to cause the hydrogen diffusion over the fabrication 
time resulting in the grating self-annealing process. The hydrogen diffusion effect 
during the fabrication process results in the shift of Bragg wavelength to such that the 
grating forms quickly but it will blue-shift up of few nm depending on the fibre type 
before the end of inscription process. A further study of hydrogen diffusion effect in 
Type I and IA gratings was carried out by fabricating two identical samples made in 
two different fibre types: PS1250/1500 and SM1500. One sample from each fibre 
type was annealed at 103°C for 24 hours immediately after fabrication and the other 
one was kept in the room temperature where its transmission spectrum was 
continuously monitored with different time intervals, starting from 5 minutes to 4 
days, over 1 month period when it became stabilised. Figures 3.33 and 3.34 show the 
transmission spectra of these paired Type I and IA samples made in SM1500 and 
B/Ge co-doped fibres respectively. 
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Figure 3. 33. Transmission loss profiles of two 
identical samples made of SM1500 fibre type, 
one kept in the room temperature and the other 
was annealed at 103°C for 24 hours. 
Figure 3. 34. Transmission loss profiles of two 
identical samples made of B/Ge fibre type, one 
kept in the room temperature and the other was 
annealed at 103°C for 24 hours. 
The above figures evident the blue-shift of both Type I and IA gratings in two fibre 
types as a result of hydrogen out-gassing. The measured wavelength shifts of these 
gratings have been summarised and presented in table 3.2. 
 
Fibre Type Type I / λ∆ (nm) Type IA / λ∆ (nm) 
 
B/Ge 1.81 2.87 
SM 1500 3.4 3.08 
Table 3. 2. The measured blue shift of grating pairs in different fibre types. 
 
 
The different wavelength-shifts for different gratings in different fibres are a clear 
consequence of different hydrogen concentrations in the fibre core and various rates 
of H2 out-gassing. The transmission spectra of two samples that were kept in room 
temperature were continually monitored employing a BBS and an OSA. Figures 3.35 
(a, b) and 3.36 (a, b) present the Bragg wavelength shifts of Type I and Type IA 
gratings made in B/Ge co-doped and SM1500 fibre respectively. 
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Figure 3. 35. Bragg wavelength shift of (a) Type I and (b) Type IA grating inscribed in BG/e co-doped 
fibre over a period of one month at the room temperature. 
 
 
Figure 3. 36. Bragg wavelength shift of (a) Type I and (b) Type IA grating inscribed in SM1500 fibre 
over a period of one month at the room temperature. 
 
 
The above figures present an exponential trend of the Bragg wavelength shift in all 
gratings. As it is seen in the figures Type I gratings reached to the stability after 14 
days in both fibre types while Type IA gratings carried with the decay trend till 16 
days at the room temperature. Over one month period, the measured blue shifts of 
Type I and IA gratings inscribed in B/Ge co-doped fibre at room temperature were 
1.07 nm and 0.98 nm respectively. The wavelength shift values over the same period 
and at room temperature for Type I and IA gratings written in SM1500 fibre were 
1.25 nm and 1.05 nm respectively which are slightly more than what have been 
realised from the B/Ge fibre. Our experimental data shows a larger wavelength shift 
(a) (b) 
(a) (b) 
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for Type I than Type IA grating written in the same fibre type under the same 
conditions and over the same period of time. 
3.5.2. Thermal Response Of Type I-IA Gratings 
 
 
 
The temperature responsivities of Type I-IA gratings inscribed in both SM1500 and 
B/Ge co-doped fibres were also examined. For this measurement, the sample was 
placed in a Peltier device in connection with a temperature controller. Then the 
sample was connected to a broad band light source from one end and to an OSA from 
another end and the transmission spectra of the gratings were monitored. The 
temperature was gradually increased from 30°C to 90°C with the increment of 10°C. 
The temperature response of Type I-IA gratings fabricated in B/Ge co-doped and 
SM1500 fibre are presented in Figures 3.37 and 3.38, respectively. 
 
Figure 3. 37. Thermal responses of Type I-IA 
gratings written in B/Ge co-doped fibre. 
 
Figure 3. 38. Thermal responses of Type I-IA 
gratings written in SM1500 fibre
 
The investigated thermal sensitivities for Type I gratings in BG/e co-doped and 
SM1500 fibres were 11.3 and 13.0 pm/°C, respectively, while the thermal responses 
of Type IA gratings in both fibres were measured 10.3 and 12.0 pm/°C, respectively. 
The result indicates that Type IA gratings were less sensitive to the temperature than 
type I gratings by 1 pm/°C in both fibre types. Also from the above figures it is 
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observed that the gratings inscribed in SM1500 fibre exhibited slightly higher thermal 
sensitivity. The difference between the temperature sensitivities of Type I and Type 
IA gratings written in the same fibre over a relatively simple fabrication process 
introduces an efficient approach in fabrication of a dual sensor capable of decoupling 
of strain and temperature [103]. 
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3.6. Chapter Conclusions 
 
 
This chapter contains a full discussion of two main fibre grating inscription 
techniques, holographic and phase mask, which have been employed to fabricate all 
gratings in this thesis. The holographic inscription method has been employed to 
fabricate FBGs with arbitrary wavelengths in the range of 1450 nm; these gratings 
have been employed for telecommunication applications. 
The phase mask fabrication technique, as the preferred method to inscribe the high 
quality gratings, has been chosen to inscribe almost all different structures gratings 
mentioned in this thesis employed for sensing applications and tuneable ring laser 
systems. 
The chapter also demonstrated the systematic investigation of the structure, 
fabrication method, spectral response, polarisation dependency and thermal response 
of various UV written fibre gratings with novel structures, including chirped gratings, 
small angle TFGs and TCFGs and TFGs with large tilted structure. All these novel 
fibre gratings exhibited unique properties and desirable advantages which may offer 
potential use for a range of applications. 
Finally in this chapter, we have discussed the grating growth characteristics for two 
different photosensitivity types of grating: Type I and Type IA. The detailed 
description for each type of grating written in three different fibre types and their 
distinct spectral evolution during UV-exposure was performed. Blank beam exposure 
fabrication technique as the most efficient approach of Type IA grating inscription 
was employed. 
A detailed investigation of H2 out -gassing effect on a pair of Type I-IA gratings 
written in two different fibre types was carried out. Thermal characteristics of these 
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gratings were also investigated and the comparison study between the thermal 
responses of Type I-IA gratings inscribed in different fibre types was performed. The 
paired Type I-IA gratings may be used for optical sensing applications with dual 
parameter sensing capability. 
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Embedded Fibre Bragg 
Gratings in Aluminium 
Alloy Matrix Composite 
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4.1.    Introduction  
 
The concept behind fibre optic sensing can be simply explained by an optical fibre 
carrying light to an area where is encoded in response to a change of the measurand or 
condition (for example, strain, temperature) and the encoded light signal reflects back 
or transmits through the fibre  to be processed thereby extracting the sensing 
information.  In transit, this optical signal is completely immune to the Electro-
Magnetic Interference (EMI), so the fibre sensor can be located in a region of high 
electric potential or in a hazardous area without the need for any sort of special 
precautions.  In general, fibre sensors offer important advantages like electrically 
passive operation, EMI immunity and high sensitivity.   
 
FBGs are good examples of fibre sensors, which provide all above mentioned 
advantages plus additional capability of inherent self referencing and multiplexing in 
a serial fashion along a single fibre. Their sensing functions are derived from the 
sensitivity of both RI and the grating period to the externally applied mechanical or 
thermal changes. FBG-based sensors have appeared to be useful for many 
applications particularly in the area of distributed sensing where the FBG arrays can 
be embedded in materials for creating smart structures to allow for measurements of 
parameters such as load, temperature, and strain from which the health condition of 
the structure can be monitored and assessed on a real-time basis.
  
However, the choice 
of embedding material has always been limited to the glass and carbon fibre 
reinforced composite materials and structures and there has not been any work 
reporting of embedding grating arrays into metal matrix composite.   
 
 108 
Via a collaboration project between the Photonics Research Group at Aston 
University and the Rapid Manufacturing Research Group of Loughborough 
University, we for the first time have embedded FBG array sensors into Aluminium 
alloy matrix composites using Ultrasonic Consolidation (UC) technique and 
investigated the possibility of using FBG sensors to monitor metal matrix structures. 
Experimental investigation is presented on characterisation of transmission spectra of 
embedded FBGs under different conditions.  These spectra indicate optical responses 
of the embedded samples to the induced bending, loading and temperature changes.  
Additionally, the polarisation effect of the embedded samples has been studied.  The 
results from the investigation have clearly demonstrated the self-sensing capability of 
the FBGs embedded in metal matrix composite. We envisage that metal matrix based 
engineering tools and structures made by advanced solid-state rapid manufacturing 
UC technique may incorporate with FBG sensor arrays thereby becoming smart 
structures, which would be beneficial to a range of applications such as civil structure 
monitoring, bridges, rail monitoring and vehicles. 
 
 4.2.   Fabrication of FBG arrays and their embedding in metal 
matrix composite structures 
 
The fabrication process of the proposed sensors contains two major steps: 
 
1- UV- inscription of the FBG array in a single mode optical fibre. 
2- Embedding FBG array into layers of metal composite by UC technique. 
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In total, four fibres containing the array of three FBGs at different wavelengths were 
fabricated and then subjected to the embedding process.  Three out four FBG array 
fibres were survived the embedding process, indicating a reasonable creditability of 
the embedding procedure in terms of high survival rate. 
4.2.1. UV inscription of FBG array in optical fibre 
 
 
The FBG arrays were UV-inscribed in SMF-28 fibres using a scanning phase mask 
technique with CW frequency doubled Argon ion laser operating at 244 nm. Prior to 
the UV-inscription, the photosensitivity of SMF-28 fibres were enhanced by 
pressurising them in hydrogen tube for a period of 48 hours at a pressure of 150 bars 
and 80°C.  The integrated phase mask used in the experiment contains three 8 mm - 
long mask patterns with different pitch sizes along one dimension separating by 10 
mm, thus three FBGs of different wavelengths could be written in a single fibre 
during one UV beam scan. The schematic profile of the fabricated FBG array is 
presented in Figure 4.1. 
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Figure 4. 1. Schematic diagram of the fabricated FBG array with three gratings at different 
wavelengths. 
 
According to the design from the Rapid Manufacturing Research Group of 
Loughborough University, the fibre length containing the FBG array should be about 
70 mm to accommodate the size of the metal matrix sample.  Thus, 60 mm length of 
the middle part of the host fibre was chemically stripped off using a normal chemical 
paint remover for grating array inscription. The chemical stripping of the fibre could 
help the device to experience less damage in the stripping process providing a more 
survival chance for the sample during the embedding process where the fibre would 
be subjected to the pressure and load.  The length of each FBG was about 8 mm and 
the separation distance between adjacent gratings is 10 mm, as defined by the phase 
mask pattern.  The UV laser power of 100 mW was used and the focused laser beam 
was scanned across the fibre through the mask at a velocity of 0.5 mm/s.  After the 
UV-inscription, all FBG array samples were annealed at 80˚C for 24 hours to stabilise 
their properties. 
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4.2.2.  Embedding FBG arrays in metal matrix by ultrasonic consolidation 
 
 
UC is a solid-state rapid manufacturing process which may be employed to fabricate 
metal structures in layer-by-layer style and finish the final profile by contour milling 
[104]. This fabrication process involves transducer passing through a sonotrode to 
samples in the form of ultrasonic oscillations. It has been reported that these 
oscillations cause friction at the consolidation interface, which breaks up oxides and 
contaminants at interfaces and brings clean surfaces into contact to bond together  
[104].  
The alpha UC machine used in this work was modified from a 3.3 kW seam welding 
apparatus and supplied by Solidica Inc., USA. The machine works at a constant 20 
kHz frequency with a 50 mm diameter sonotrode. It consists of a power supply, 
ultrasonic transducer-booster-sonotrode stack, a motor drive system and a pneumatic 
pressure system for applying a clamping force to a work piece as shown in Figure 4.2. 
    
Figure 4. 2. Alpha UC machine in the laboratory of Rapid Manufacturing Research Group of Loughborough University. 
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Three process parameters can be controlled in this machine, i.e. amplitude of 
oscillation, contact pressure and traverse speed, and their control ranges are shown in 
table 4.1.  
 
Oscillation amplitude, 
µm 
Contact pressure*, 
MPa 
Transverse speed, 
mm/s 
6.5 – 14.5 72.5 -264 0 -77 
Table 4. 1. Parameter control ranges for the alpha UC machine. 
  
* Contact pressures on work pieces are controlled by a pneumatic cylinder with 
pressure ranging from 0 to 690 kPa.  
 
In order to shape the embedding structure, two types of Aluminium Alloy, Al 3003 
H18 (which is fully strain hardened) and 3003 O (which is annealed and soft) - with a 
width of 25 µm and a thickness of 100 µm, were employed. If SMF-28 fibres were 
embedded between two 100 µm metal foils, they would be easily damaged by the 
sonotrode as the large plastic flows may occur around the fibre during the 
consolidation process and also due to the relatively fragile property of the fibre [105].  
Therefore, two foils were monolithically pre-bonded by the UC machine to form a 
layer with the thickness of 200 µm.  Pre-bonding process took place at a pressure of 
114 MPa, amplitude of ultrasonic oscillation of 6.5 µm and consolidation speed of 
34.5 mm/s but for embedding process, the pressure was increased to 155.8 MPa and 
the amplitude of ultrasonic oscillation was 10.4 µm but the transverse speed was kept 
the same as in pre-bonding process. 
After testing the four different structure arrangements, the matrix arrangement was 
chosen to be plate/H18/O/FBG and SiC/O/H18. In this arrangement an Al 1050 
support plate with the thickness of 1.2 mm was introduced into sandwich structure. 
During the UC, foils tended to distort along the consolidation direction into a ‘U’ 
shape due to plastic flow. Although this has not been a serious problem for monolithic 
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consolidation, it can damage the fibres due to the large deformations that may occur 
during embedding process. This problem is generally solved with the increase in the 
structure’s thickness.  By introducing a support plate, distortion of foils can be 
minimised to avoid large bending deformations.  
To accommodate the support plate into an embedding process, an Al 3003 H18 foil 
was first consolidated onto the support plate using the embedding parameters, and an 
Al 3003 O foil was then bonded on the top of H18 foil using the pre-bonding 
parameters. After that, the fibre containing FBG array was placed between the two 
pre-bonded layers, this sandwiched structure was clamped at one end and the other 
end was free for consolidation.  To keep the balance, two SiC fibres were placed on 
each side of the fibre containing FBG sensors between the two pre-bonded metal foils. 
It should be mentioned that for UC embedding, all fibres were fully stripped in the 
embedding region to ensure a high interfacial strength due to the distribution of the 
fibre’s jacket along the interface. 
As shown in Figure 4.3 the sonotrode was laid down to contact with the sample where 
the pressure is applied and ultrasonic oscillation takes place. After the sonotorde 
travelled from the clamped to the free end, the fibre containing FBG sensors and four 
SiC fibres were embedded in the metal matrix composite in solid state. Three out of 
Four embedded samples were survived from the UC embedding process.     
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Figure 4. 3. Schematic diagram of the UC system used to embed FBG array fibres in metal matrix composite samples. 
 
The microscope image of the cross section of the embedded fibres was examined in 
both bright field and the polarised light image as presented in Figures 4.4 (a, b). These 
figures indicate the survival of the fibre under the embedding process since no sign of 
crack or damage in the cross section of the fibre is observed. 
 
 
 
Figure 4. 4. Cross section microstructures of the SMF-28 fibre (without jacket) embedded sample, a) 
bright field image, b) polarised light image after anodisation. 
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The UV inscribed FBG array sensors were embedded into such layer-consolidation 
formed metal structures.  The further experimental investigations, which will be 
explained in details in the later sections of this chapter, indicate that these FBG 
embedded metal composite structures are possessing smart structure function with the 
self- referencing and sensing capabilities. 
 
Comparing with other fibre embedding techniques, UC has several advantages.  
Firstly UC is an additive manufacturing process and can produce components with 
complicated geometry [104].  Secondly, UC is a low temperature process; in this 
method fibres can be embedded at temperatures around 30% - 50% of the matrix 
absolute melting point [105, 106], so stress caused by a mismatch in Coefficients of 
Thermal Expansion (CTE) between matrix and fibre is reduced.  Furthermore, UC 
process is able to break up the oxide film and contaminant on the foil surface to make 
metal to metal contact and as a subsequence no pre-treatment and atmosphere control 
are required in this method [107-109]. 
 
4.3.    Characterisation of Embedded FBG Metal Matrix Samples 
[P5, P7] 
 
 
 
Characterisation of FBG sensor arrays was carried out before and after embedding 
process in order to reveal the embedding induced effects. Transmission spectra of the 
three survived FBG embedded metal matrix samples, S1, S2 and S3, were analysed 
using a BBS and an OSA (HP86142A) and the comparative spectra before and after 
the embedding are shown in Figures 4.5 (a-c).  
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Figure 4. 5. Measured transmission spectra of (a) sample S1, (b) sample S2 and (c) sample S3 before 
(blue graph) and after (pink graph) embedding. 
 
The blue plots in Figures 4.4 (a-c) are presenting the transmission spectra of the 
embedded samples measured in their freeform, showing three Bragg peaks situated 
around 1542.8 nm, 1547.30 nm and 1551.80 nm, whereas the pink plots in the same 
figures show the measured transmission spectra of the same samples after being 
embedded into the Aluminium matrix composite.  
 
From these figures it can be seen that after embedding process, three embedded 
gratings (shown as P1, P2 and P3 in the figures) in all three samples have experienced 
a wavelength shift toward the shorter wavelength side but by different amounts.  
Considering that UC is a low temperature process, the blue shift of the Bragg 
resonances can only be the result of the mechanical compression induced by the UC 
to the embedded fibres.  The extracted data from the above figures have been 
P1 
 
  
    P2 
    P3 
(b) 
P1 
P2    P3 
(c) 
P1 
P2 
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summarised in table 4.2. The different amounts of the wavelength shift by three Bragg 
resonances indicate a non-uniform embedding process experienced by the samples. 
The localised non uniformity is also evident by the observed peak splitting effect 
shown on P2 and P3 from sample S1. For sample S2, we also see the broadening 
effect on P1 indicating that the sample has experienced more strain in that area during 
the embedding process compared to the other two peaks almost kept the same shape 
as before embedding.  
In despite of the other two embedded samples have shown different degrees of non-
uniformity, there is no evident splitting or broadening effect on sample S3, suggesting 
a much more uniform embedding process experienced by sample S3. 
 
 
 
 
 
 
 
 
S1 
 
 
 
 
S2 
 
 
 
 
S3 
 
 
 
 
 
 
 
Peak Wavelength 
Blue-shift 
(nm) 
 
Strain 
(µε) 
3dB 
Band-width 
increased 
(nm) 
Strain 
Distribution 
(µε) 
Reflectivity 
Decreased 
P1 1.38 1380 0.06 60 5.71 
P2 2.23 2230 -0.04 -40 6.53 
P3 2.08 2080 0.08 80 15.53 
P1 1.19 1190 0.58 580 17.28 
P2 2.05 2050 0.08 80 9.37 
P3 1.92 1920 0.06 60 16.26 
P1 1.40 1400 0.00 0 4.43 
P2 2.00 2000 0.06 60 7.79 
P3 2.48 2480 0.00 0 10.25 
                 Table 4. 2. Analysed data from three embedded samples. 
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The strain values assumed experienced by the nine FBGs in the three samples are 
estimated based on the fact that around 1550 nm region, 1 pm wavelength shift of 
FBG made in silica fibre corresponding to ~1 µε. From table 4.2 it can be seen that 
the strain distribution is most non-uniform on sample S2, as one can notice the 
average compression strains experienced by the three FBGs vary from 1190 µε to 
2050 µε and the localised field change from 60 µε to 580 µε. However, with the FBG 
array embedded in these metal matrix composite samples, it is possible to monitor the 
conditions they will be subjected to, such as loading, bending and temperature 
variation.   
4.3.1. Investigation of Polarisation Effect in Embedded Samples 
 
 
 
As the embedding induces local non-uniformity, such as noticeable splitting and 
broadening effect, it is the concern if these non-uniformities will induce polarisation 
effect on the embedded FBG sensor arrays. To clarify, we have conducted the 
polarisation measurement on two embedded FBG array samples S1 and S2. The 
experiment was performed by employing a polariser and a PC, placed between the 
BBS and the embedded sample, as shown in Figure 4.6.   
 
 
 
 
 
Figure 4. 6. Schematic diagram of the setup for polarisation measurement. 
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Polariser     PC 
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By adjusting the PC, the polarisation state of the probing light was changed and we 
examined the spectral change of the embedded FBG array samples.  The results of this 
experiment are plotted in Figures 4.7 (a-c) and 4.8 (a-c) for each Bragg resonance of 
the two samples, respectively. 
 
As one may notice from Figures 4.6 (a-c), there is no noticeable shift in the 
wavelength for the three sub-gratings in sample S2 when changing the polarisation 
state of the incident light, confirming the polarisation independency of this sample.  
This confirmation made S2 a good candidate to study for its sensing capabilities, 
which will be discussed in section 4.3.2. 
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Figure 4. 7. Polarisation measurements of (a) P1, (b) P2 and (c) P3, the three sub- gratings from sample 
S2. 
 
 
The same experiment was conducted on sample S1 and the measured spectra for 
probing light with different polarisation states are depicted in Figures 4.8 (a-c).  As 
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we can clearly see that there is no wavelength shift for the sub-gratings P1 and P2, but 
a noticeable shift of 0.07 nm (measured from the OSA) for P3. This small amount of 
shift indicates the embedded third sub-grating P3 has become slightly birefringent as 
its fibre geometry may be deformed slightly and also some stress induced in the fibre 
by the embedding process.  A 0.07 nm shift is still in significantly small and may not 
cause measurement error for those applications not requiring very high resolution. 
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Figure 4. 8. Polarisation measurements of (a) P1, (b) P2 and (c) P3 gratings from sample S1. 
 
 
 
 
It then can conclude that the embedding FBG array in metal matrix samples by UC 
process would induce un-uniformity in the sample thus causing splitting and 
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broadening of the FBG spectrum, and it does not induce significant birefringence to 
the grating fibres.   
4.3.2.  Investigation of Temperature Effect in Embedded Samples 
 
 
 
FBGs as optical sensors are based on the RI and period change by external 
environmental conditions, such as temperature and strain. When the fibre grating 
embedded in metal matrix composite, the temperature response may differ from what 
it is in its freeform. For this reason, we have evaluated the thermal response of the 
embedded FBG arrays. In the thermal response evaluation experiment, each sample 
was placed on an electrically controlled heater, as shown in Figure 4.9 and the 
transmission spectra were measured and recorded for the temperature elevation from 
0°C to 100°C with an increment of 10°C.  
 
 
 
 
 
Figure 4. 9. Schematic diagram of the temperature measurement set-up. 
 
 
The spectral analysis of all three embedded samples showed a similar response to the 
temperature changes.  Showing as typical results, here we only present the 
measurement results for sample S2.  
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Figure 4. 10. Transmission spectrum of S2, while it was subjected to a range of different temperatures 
from 0º C to 100º C. 
 
 
 
As the temperature changed from 0°C to 100°C, the three FBG spectra shifted 
towards longer wavelength side as shown in Figure 4.10.  Figure 4.11 plot the Bragg 
wavelength shift against temperature for the three sub-gratings of sample S2.  
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Figure 4. 11. Temperature response of three embedded FBGs, P1, P2 and P3 in sample S2. 
 
Figure 4.12 gives the superimposed temperature responses of the three sub-gratings 
by removing the wavelength off-sets. As clearly seen from Figure 4.12, the three sub-
gratings exhibit a near-linear and similar temperature response.  
S2 
S2 
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Figure 4. 12.  Temperature sensitivity of three embedded FBGs in S2. 
 
 
The best fit to the three linear plots in Figure 4.12 gives an average thermal sensitivity 
(∆λ /∆T) of ~ 40 pm/˚C.It was initially quite surprising to see this value, as it is 
almost four times of the typical temperature sensitivity value of a freeform FBG in 
this wavelength range. This large value can be explained considering the fact that 
FBG arrays have been embedded between the metal matrix composite layers and the 
thermal coefficients are different for Al and Si. Around room temperature 20º C, the 
reported thermal expansion coefficients for Al alloy 3003 and Si are 46 ×10-6/ ºC and                
6 ×10-6/ ºC respectively. Therefore, the increased thermal sensitivity is simply caused 
by the combination effect on thermal expansion of aluminium and silica glass 
materials. 
4.3.3.  Investigation of Loading Effect in Embedded Samples 
 
 
 
The embedded FBG array sample S2 was also subjected to the loading experiment.   
 
Figure 4.13 shows the experimental set-up for this study. In order to make sure the 
loading will be distributed uniformly across sample S2, a balance plate was placed on 
S2 
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the top of the sample and the mass was then loaded to the top of the plate. In the 
measurement, the one end of the FBG array fibre in sample S2 was launched with 
light from a BBS and the other end was connected to the OSA and a set of masses 
from 0 kg to 8 kg were gradually loaded on the top of the embedded FBG array 
sample.  Also, because the fibre grating array was embedded in the middle area of the 
Al alloy sample, the grating response may different if the load is placed on the 
different positions on the sample. To clarify this, the load was placed in several 
positions on the sample, but we did not see noticeable change on the spectrum.   
 
 
 
 
 
 
Figure 4. 13. Schematic diagram of experimental setup for loading measurement. 
 
Figure 4.14 shows the spectral evolution of sample S2 under loading from 0 kg to  
8 kg. We can immediately see that all three Bragg peaks shift to longer wavelength 
side with increasing loading.  
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Figure 4. 14. Transmission spectrum of the embedded sample under different loaded masses. 
 
 
By plotting the wavelength shift against loading we can see a much clear picture that 
how each grating responses to the loading. Analysed data from this measurement 
indicates the different responses from the three FBGs to the loading effect.  The 
wavelength shifts of the embedded FBGs are plotted against the corresponding loaded 
mass in Figures 4.15, 4.16. and 4.17, respectively. 
 
 
 
 
 
 
 
 
 
 
Figure 4. 15.   Loading response of first embedded FBG, P1 in sample S2. The inset shows the loading 
sensitivity of the grating to the masses in the range of 0 kg – 1.5 kg. 
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As it is presented in Figure 4.15 for P1, there are two response regions corresponding 
to low and high loading range.  In the low weight range up to 1.5 kg, the response of 
P1 is linear with a load responsivity of 0.05 nm/kg, as shown by well fitted plot in the 
inset of figure 4.15, when the applied load exceeds the threshold of 1.5 kg, the Bragg 
peak does not shift any more.  In fact after 1.5 kg, its response to the loading is 
saturated and the peak becomes insensitive to the loading effect. 
Similar behaviour was observed from the 2nd embedded grating P2, as shown in 
Figure 4.16. The P2 linearly responded to the loading just a little over 1.5 kg to 2 kg 
with a loading responsivity of 0.09 nm/kg. After the threshold point 2 kg, the grating 
response becomes static and insensitive to any further loading.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. 16.  Loading response of 2nd embedded FBG, P2 in sample S2. The inset shows the loading 
sensitivity of the grating to the masses in the range of 0 kg – 2 kg. 
 
 
Although all three sub-gratings were embedded in the same metal matrix sample, the 
third grating P3 responses to the loading quite differently from P1 and P2. As shown 
in Figure 4.17, there are clearly two loading response ranges for P3, but the grating 
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response in the second range is not static and the first linear responding range extends 
to 3 kg. These two ranges are re-plotted separately in Figures 4.17 and 4.18. From the 
figures we can see that in the first range, the linear loading responsivity is ~ 0.08 
nm/kg and the grating still respond to the loading change beyond 3 kg but with a 
much smaller sensitivity, i.e. only 0.02 nm/kg and also the loading response in high 
loading range is not perfectly linear. At this stage, it is difficult to explain why the 
three gratings embedded in the same sample behave so differently to the loading. 
However, this is not conclusive and the response could be unique for this sample. 
More experiment should be conducted over a large number of samples in order to see 
more universal pattern on FBG loading response to embedded metal matrix structures.  
 
However, we may conclude from this experiment that the FBG array in the metal 
matrix composite could be used to monitor loading or loading induced structure 
change, but only to a small load range up to 1.5-2 kg.  
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Figure 4. 17. Loading response of 3rd embedded FBG, P3 in sample S2. 
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Figure 4. 18.  Loading sensitivity of P3 to the 
masses in the range of 0 kg – 3 kg.                
Figure 4. 19. Loading sensitivity of P3 in the 
range of 3kg- 8kg. 
 
 
 
4.3.4.  Investigation of Bending Curvature Effect in Embedded Samples 
 
 
 
The embedded FBG array sample has also been subjected to the bending experiment 
to assess if it would response to bending induced structure shape deformation. Figure 
4.20 shows the experimental setup for this investigation and indicates the geometric 
configuration of a four-point bending system that was designed for implementing a 
curvature measurement experiment. 
 
 
 
 
 
 
 
 
 
                                
 
 
Figure 4. 20. Schematic diagram of the bending response measurement and presenting the maximised 
schematic diagram of the four-point bend system with a=120mm, b=20mm and bend depth h=0 to ~ 
8mm. 
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To prevent the breakage along the embedded fibre sample containing the three FBGs, 
a thin metal plate was attached on the top of the sample and across its whole length. 
As illustrated in Figure 4.20, by depressing the central micrometer driver with a depth 
(h), the sample was bent. The bend curvature (1/R) has a near linear relationship with 
the depressing depth (h) as the analysis shown below.                                                                                
According to the geometric configuration, the bend curvature of the fibre follows 
[110]: 
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Where R is the bend radius, h is the bend depth which can be accurately read from the 
micrometer driver, a and b are spacing of the two sets of forced points as shown in 
Figure 4.20.     
Simplifying equation 4.1 yields 
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   For R>>a, b and h and also a>>b and h, as an approximation, equation (4.2) reduces 
to 
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Clearly, equation (4.3) exhibits a linear relationship between the bend curvature and 
the bend depth.  This fact is also evident in Figure 4.21, where the applied bend 
curvature (1/R) on the embedded sample using our four-point bending system was 
plotted against the depressing depth (h) and exhibit  a linear relationship with the 
depressing depth (h).   
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In the employed bending kit we used, the measured values are for a = 109 mm and 
b= 40 mm. 
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Figure 4. 21. Curvature against bending depth using the four-point bending equipment. 
 
 
The sensitivity of all three embedded gratings, P1, P2 and P3, in sample S2 was 
investigated under bending tests for two opposite bend directions. In the 
measurement, the micro-meter of the bending equipment gradually travelled down 
from 0 mm to 8 mm inducing different curvatures in the sample.  We recorded the 
transmission spectrum for each bending and all spectra are plotted in Figure 4.22.  
As clearly seen from Figure 4.22, all three FBG peaks shift to longer wavelength side 
with increasing bending. 
 
 Despite usual bending curvature measurements in which the fibre containing FBGs is 
fixed from one end while the other end is left free to move with increase in the 
bending amount, here the fibre containing FBG array has been embedded into metal 
composite across its whole length and as a consequence it is fixed and the observed 
red-shifting in FBGs’ spectra is not purely due to the bending curvature itself.   The 
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investigated wavelength shift in this measurement indicates that the bend also induces 
a longitudinal strain to the fibre sample. 
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Figure 4. 22. Transmission spectral evolution of S2, while it was subjected to the bending 
measurement. 
 
The wavelength shift of each grating is plotted against the corresponded bending 
curvature individually in Figure 4.23.  
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Figure 4. 23. Bending curvature sensitivities of three embedded gratings in sample S2. 
 
S2 
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As shown in the figure, three FBGs showed similar behaviours in terms of a linear 
upward response to the curvature increase process. However different bending 
sensitivity values of 0.24 (nm)/(1/m), 0.31 (nm)/(1/m) and 0.56 (nm)/(1/m) were 
obtained for three gratings P3, P1 and P2, respectively.  The maximum bending 
sensitivity of 0.56 (nm)/(1/m) corresponding to the grating P2 which was located in 
the middle of the other two FBGs (P1 and P3), indicates more axial strain in the 
middle part of embedded sample due to the bending process while the less bending 
sensitivity values of the side FBGs, as they experiencing  less  strain in those regions. 
After that measurement, to reveal the bending characteristics of the embedded 
gratings when the bending is applied on the opposite side of the sample, the 
embedded sample was fully turned over and placed in the bending system. Again the 
same plate was attached on the top of the sample to facilitating the application of the 
bending.  The same experimental procedure was made for this measurement. The 
recorded spectra of the embedded sample, shown in Figure 4.24, indicate the 
wavelength shift of three FBGs toward the shorter wavelengths, i.e. blue-shifting. The 
observed blue-shift indicates the applied bending induces compression but not axial 
strain over the fibre sample. 
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Figure 4. 24. Transmission spectra of S2, while it was fully turned over and was subjected into the 
same bending measurement. 
 
 
The behaviour of the three embedded FBGs in these two experiments indicates the 
wavelength shift toward different directions depending on the bending direction 
applied to the sample.  This interesting character of the embedded FBGs may be 
explained as a result of induced asymmetric geometry of the embedded sample, as 
there is an extra Al 1050 supporting plate ( with the thickness of 1.2mm) placed on  
the one side of the sandwich structure of the metal matrix composite. To reveal the 
bending sensitivities of three Bragg peaks in this measurement, the wavelength shift 
of these gratings was plotted versus the applied curvature in Figure 4.25. Similar to 
the previous experiment, here also the bending induced wavelength shift exhibits a 
linear response in all three embedded FBGs; however the trend of the shift is 
downward. The measured bending sensitivity of the middle grating, P2, is about 0.49 
(nm)/(1/m) and again the highest value comparing with the side gratings, P1 and P3 
whose bending sensitivities of  about 0.35 (nm)/(1/m) and 0.21 (nm)/(1/m), 
respectively,  indicates the most compression occurred in the middle part of the 
embedded sample. 
S2 
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Figure 4. 25. Bending curvature sensitivities of three embedded gratings in sample S2 while the sample 
was fully turned at 180º. 
 
 
Comparative results from the mentioned two bending experiments show the similar 
first digit number in the value of bending sensitivity of the three FBGs in both 
experiments.  However the measured bending sensitivity for each grating in one 
experiment is not exactly the same as its corresponded value in the other 
measurement. In fact as one may notice in the second experiment, the bending 
sensitivity for all three embedded FBGs were measured to be smaller than their 
measured when the bending was applied to the opposite direction.  This may be 
explained as a result of the slight deformation of the embedded sample after first 
bending experiment. As the sample was taking the shape of bending during the 
measurement, in order to repeat the measurement we had to manually reshape the 
sample to take it to its flat form.  However, the direction assignment with asymmetric 
embedded structure may provide a method to recognise the bending direction, so in 
this case, vector sensor concept may be realised and would be useful for some 
applications.  
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4.4.    Chapter Conclusion  
 
 
 
In this chapter, the first time fabrication of embedded FBG array sensors in metal 
matrix composite by ultrasonic consolidation technique is reported. Three FBGs have 
been embedded in Al alloy matrix composite and have been investigated for their 
thermal, loading and bending responses.  
  
As a result of the combination effect on the thermal expansion of aluminium and 
silica glass materials in the embedded samples, the investigated values of average 
thermal sensitivity, (tan α = ∆λ /∆T), for three embedded FBGs were similar and  
about 40 pm/˚C which is almost three times higher than the typical temperature 
sensitivity of a free form FBG. 
In contrast with the temperature measurement, three embedded FBGs showed 
different responses to the loading and bending curvature measurement. For loading 
measurement, there were two different response regions for the gratings 
corresponding to the low and high weight region. All three gratings showed the 
higher sensitivity and a linear upward response to the loading effect in their low 
weight region response. The maximum value of loading sensitivity was measured ~ 
0.09 nm/kg corresponded to the 3rd embedded FBG (P3) in its low weight region 
response (0kg- 3kg). The first grating, P1, performed the least value of loading 
sensitivity of ~ 0.05 nm/kg in its low weight response region which was up to 1.5 kg. 
During the loading measurement 1st and 2nd gratings, P1and P2, after exceeding 1.5 
kg and 2 kg  respectively, became insensitive to the applied loads while the 3rd grating 
(P3) was still presenting the wavelength shift but with a lower sensitivity showing a 
wavelength shift rate of 0.02 nm/kg after exceeding 3 kg. 
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The embedded sample was subjected to two bending curvature measurements in 
which bending was applied to different sides of the embedded sample each time. In 
these measurements, the embedded FBGs have not been experiencing a pure bending 
curvature effect, As the three FBGs were embedded into metal composite material so 
the host fibre was fixed into this composite across its whole length, therefore, the 
bending process applied some longitudal strain to the gratings as well.  In two 
bending experiments, three embedded FBGs showed linear response to applied 
bending but with the shift in opposite directions for each experiment owing to the 
asymmetric sandwich structure of the embedded sample. The experimental data 
presents the vector bending sensing capability of the embedded sample with the 
bending sensitivity in the range of 0.24 (nm)/(1/m) to 0.56 (nm)/(1/m). In both 
measurements, the maximum bending sensitivity was corresponded to the FBG (P2) 
embedded in the middle part, so  the FBG has experienced the most expansion when 
bent in one direction and the compression in the other direction. 
 
Overall, the performed experiments and obtained results have clearly demonstrated 
the self-sensing capability of the FBG embedded metal matrix composite. We 
envisage that metal matrix based engineering tools and structures made by advanced 
solid-state rapid manufacturing UC technique may be embedded with FBG sensor 
arrays becoming smart structures, which would be beneficial to a range of 
applications such as monitoring the operation and health of engineering structures.   
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Micro-structured Fibre 
Bragg Gratings and their 
Sensing Applications 
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5.1. Introduction 
 
 
Optical fibre sensors offer unique solutions over conventional techniques for 
applications where an advanced multifunctional sensing system is required to monitor 
the physical, chemical, and biological parameters in natural environments, industrial 
processes or structural health.  Specifically the enormous advantages of in FBGs over 
conventional electrical strain gauges such as linearity in response over many orders of 
magnitude, compactness, low insertion loss, narrow band wavelength reflection, 
multi-parameter measurement, miniaturisation, high sensitivity and remote sensing 
capability have generated increasing interests in optical sensing over last two decades. 
This class of sensors can be employed for a wide range of measurements, including 
strain, temperature, pressure, bending and many others.  One of particular interests is 
to utilise FBGs as chemical sensors while changing the chemical composition of the 
surrounding medium will cause the shift in the Bragg wavelength.  However, since in 
normal FBGs, the mode coupling occurs between the well bounded core modes, they 
are intrinsically insensitive to the surrounding medium and consequently are not 
capable of RI sensing. To measure small changes in chemical/biological solution, it is 
necessary for the optical mode to penetrate evanescently into the surrounding medium 
solution.    
Recently with the advances in micro-photonic devices for modern biomedical, 
chemistry and sensing applications, microfluidic components have attracted huge 
attentions due to the importance of the RI measurements in a wide range of 
environmental and chemical applications. By employing microstructuring techniques, 
modified FBG structures have also been proposed to implement RI sensors. For 
instance thinned and microstructured FBGs fabricated by chemical etching have been 
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employed to induce RI sensitivity to the grating structures [111, 112].  Nonuniform 
thinned FBGs were also presented as RI sensors with the self temperature referencing 
functionality [113]. In all mentioned techniques, the strength of the device is 
significantly degraded as the fibre cladding is completely removed over the chemical 
etching process. 
In recent years, the laser inscription technique in transparent dielectrics by employing 
the tightly focused fs laser irradiation has attracted much research interest. Owing to 
the high peak power and spatial resolution of fs laser, this technique has been 
introduced as one of the most efficient approaches to the microstructure inscription 
into silica materials / fibers. Zhou et al, employed fs laser to fabricate microchannels 
in to the optical fiber [114]. Later he reported the inscription of a micro-slot 
superimposed on a FBG employing the same technique [115]. Also in another 
research from the same group, Hantovsky et al reported that fs modified regions have 
much higher etching rate than the pristine material; they reported the contrast ratio as 
high as 100:1 [116].  
In this chapter, the efficient and low-cost fs-inscription/chemical-etching combined 
approach microstructured FBGs will be discussed.  The fabrication and 
characterisation of three MCFBGs with different channel sizes (50 µm, 550 µm and 
1000 µm) and one micro-slot FBG with the slot size of 1.388 µm by using fs laser 
assisted chemical etching will be presented in details.  This chapter contains a 
systematic study of spectral characteristics of these devices to the surrounding 
medium refractive index and the temperature changes. For the appropriate channel or 
slot size, the proposed devices exhibit the enhanced RI sensitivity with non-degrading 
mechanical strength, making them ideal candidates for implementation of in-fiber 
bio-chemical sensors for a range of potential applications.   
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5.2. Fabrication of Microchannelled Chirped Fibre Bragg Grating 
 
 
Three MCFBG samples with the channel width of 50 µm, 550 µm and 1000 µm were 
fabricated by introducing the channels in the middle of CFBGs and across the whole 
length of the host fibre.  The geometric configuration of the proposed devices is 
exhibited in Figure 5.1.  In all three samples, the height and length of the channels are 
the same and about 1 to 2 µm and 125 µm, respectively.   
 
 
Figure 5. 1. Schematic diagram of the proposed MCFBG consisting of a CFBG in the fibre core, and a 
microchannel (with the width of Lm) created in the middle region of the CFBG across the fibre. 
 
 
In Figure 5.1, the proposed MCFBG consists of a CFBG in the core of the fibre and a 
microchannel has been introduced in the middle of the CFBG across the whole fiber. 
In this figure, the length, pitch and the chirp rate of the CFBG are presented as Lg, Λ, 
and C respectively, where Lm is the width and h is height of the microchannel 
structure. 
The fabrication process of such MCFBG samples included three main steps. Firstly, 
CFBGs were UV written in the core of SMF-28 fibres using a scanning phase mask 
technique and a CW frequency doubled Argon -ion laser operating at 244 nm.  To 
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fabricate the chirped gratings, a circular shaped chirped phase mask with the radius of 
20 mm, a central period of 1070.6 nm and the chirp rate of about 1.11 nm/mm was 
employed. The photosensitivity of SMF-28 fibres were enhanced by pressurising 
them in hydrogen for a period of 48 hours under pressure of 150 bars and the 
temperature of 80°C  prior to the UV-inscription. Each host fibre is about 60 mm 
length and the middle part of ~ 2 cm was stripped off for grating inscription. A UV 
power of 100 mW and a scanning speed of 0.025 mm/s were used to inscribe CFBG 
structures in the host fibres.  A number of CFBGs with 10nm chirp bandwidth but at 
different centre wavelengths were fabricated for inducing microchannels of different 
sizes.  Figure 5.2 shows the typical transmission spectrum of these chirped gratings, 
giving a reflectivity of 8 dB across a bandwidth of ~10nm.   
 
Figure 5. 2. UV inscribed 10-mm long CFBG in H2 loaded SMF-28 fibre. 
 
 
The second step of fabrication process was microchannel patterning process which 
was done by Dr Kaiming Zhou from our group.  At this stage, the designed 
microchannel was patterned in the middle of CFBGs and across the whole length of 
the fibre by employing the tightly focused fs laser beam. A ×100 objective lens with 
an N.A. of 0.55 and a working distance of 13 mm was utilised to focus the fs pulses 
 142 
of 800 nm on the fibre. The pulse width of employed fs laser beam was measured to 
be about 150 fs, and the repetition rate was at 1 kHz. The fibre containing CFBG was 
carefully placed on a dual-axis air-bearing translation stage, and the microchannel 
pattern with the desired dimensions was written by moving the stage along the cross-
section of the fibre and around the middle of the CFBG region. In order to study three 
different microstructured CFBGs, fs patterning microchannels with width of 50 µm, 
550 µm and 1000 µm in three CFBGs were carried out, resulting in three MCFBGs 
with different channel sizes.   
The last part of the fabrication process was chemical etching, where the fs modified 
regions of CFBG fibres were chemically etched off by submerging the fibre samples 
in a 5% HF solution.  The samples were left in a container where they were 
surrounded by HF solution and in order to enhance the penetration of HF solution into 
the fs laser pre-treated areas, the container was placed in an ultrasonic bath. The 
etching time for samples with different channel sizes was chosen to be different 
depending on the size of the channel.  The etching process for 550 µm MCFBG was 
only about 8 mins while for another samples with 1000 µm and 50 µm patterned 
microchannels, etching time was about 15 mins and 12 mins respectively. We used a 
high-resolution optical microscope to inspect the MCFBGs after the chemical etching 
process and some photos are shown in Figures 5.5 and 5.9 in the following sections. 
 
 
5.3. Spectral, Thermal and RI Sensing Characteristics of MCFBGs 
 
 
FBGs with uniform and chirped structures have been extensively used in a wide range 
of optical sensing applications including, temperature, loading, strain and pressure, 
etc.  However, as it is presented in Figure 5.3 FBGs are intrinsically insensitive to the 
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surrounding RI and can not be directly employed as RI sensors to detect chemical and 
biological properties. This characteristic of FBGs is due to the fact that mode 
coupling is taking place between the well-bounded  forward and backward 
propagating core modes while the influence of the RI of surrounding medium is 
normally affecting the cladding modes.  
 
Figure 5. 3.  RI response of a normal CFBG when it was immersed in a range of RI oils. 
 
 
By fs laser patterning and chemical etching of the fibre, microchannel can be created 
on the CFBG fibre and the grating structure then would be sensitive to the 
surrounding medium RI change, thus the MCFBG can be used as a chemical and 
biological sensor. In the following sections, the spectral, thermal and RI sensing 
characteristics for three MCFBGs with three different microchannel sizes will be 
discussed.  
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5.3.1.  50 µm- MCFBG 
 
 
Figure 5.4 shows the microscope image of the MCFBG with a 51.74 µm long 
microchannel created in the middle of the CFBG and we can see that the channel has 
gone through the whole cross-section of the fibre. This photo was taken by employing 
a ×20 microscopic lens and the measured microchannel size is in a good agreement 
with the designed length of 50 µm.   
 
 
 
Figure 5. 4.  Microscope image of 50 µm- MCFBG under a ×20 microscopic lens. 
 
 
We then examined the transmission spectrum of this device and the measured profile 
is presented in Figure 5.5.  
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Figure 5. 5. Transmission spectrum of 50 µm-MCFBG. 
 
From this figure we can see some type of phase shift feature – a transmission peak 
around 1552 nm superimposed with a series of resonances occurred inside of the 
stopband which well-agreed with simulated spectrum of such a device [P8].  The 
resultant spectrum can be explained by the combining effect from three sub-gratings; 
two with the length of about 5 mm separated by a tiny grating of 50 µm length 
containing the microchannel. Since in the microchannel region, the fibre material is 
substituted by air so the RI of the short grating is reduced resulting in blue shifting of 
its reflection band to the shorter wavelength side, thus generating a main transmission 
peak at ~ 1552 nm. The interference feature within the stopband partially due to the 
reflection band of the 50 µm grating slightly overlaps with the sub-FBG on the 
shorter wavelength side.  However, due to a very narrow size of the short grating, it 
has a broad reflection spectrum, which may shift less toward the short wavelength 
side and more overlaps with the sub-FBG on the longer wavelength side resulting in 
the appearance of more interferences in the longer wavelength stopband.   
Main peak 
Sub-peak 
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5.3.1.1. RI Charactersitic of 50 µm- MCFBG 
 
 
 
The device was subjected to the RI measurement using a series of index matching 
gels from Cargille Laboratiories by immersing the device in the oil and the 
transmission spectrum was monitored with an OSA. In this experiment, the 50 µm-
MCFBG was fixed in a V-grooved aluminium plate to ensure the measurement was 
taken free from other effects including strain, bend and temperature. To ensure no 
residue RI oil left in the microchannel, after each RI oil measurement, the 
transmission spectrum of the sample was recorded and then the sample was rinsed 
with acetone, methanol and water several times until the original spectrum was 
restored.  The transmission spectra of 50 µm-MCFBG, while it was immersed to a set 
of RI oils are presented in Figure 5.6.    
 
Figure 5. 6.  RI response of 50 µm-MCFBG when it was immersed in a set of RI oils. 
 
As we can see in Figure 5.6, no significant response to the surrounding RI medium 
was achieved from this sample.  The creation of a microchannel in the CFBG 
structure should change the effective index due to the infusion of the surrounding RI 
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medium in that region.  However, it seems that in this sample the channel size is too 
small in such an extent that the oil with different RI could not fill in the microchannel 
or the channel was not fully induced through the whole cross section of the fibre and 
consequently no changes in the spectrum of the proposed MCFBG was detected. 
5.3.1.2. Thermal Characteristic of 50 µm- MCFBG  
 
To investigate the thermal property of the device, the sample was housed on a heating 
base which was connected to a temperature controller. The temperature was increased 
from 10˚C to 60˚C by increments of 5˚C and the transmission profile of 50 µm-
MCFBG was monitored by employing an OSA. The temperature induced wavelength 
shifts of this device are plotted in Figure 5.7.   
 
Figure 5. 7. Thermal response of 50 µm-MCFBG. 
 
This figure indicates a thermal sensitivity of about 10 pm/˚C for the fabricated 
MCFBG which is very similar to the thermal response of CFBG without the 
microchannel.  In this situation, the thermal response of the device is mainly 
determined by the thermo-optic coefficient of the fibre so the whole fibre experienced 
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the same temperature effect as a normal CFBG with no induced microchannel in its 
structure. 
5.3.2. 550 µm- MCFBG [P8, P9] 
 
 
 
We have continued our studying on MCFBG with much larger microchannel size - 
550 µm. The microscopic view of this 550 µm-MCFBG is shown in Figure 5.8 where 
the actual microchannel size was measured as 557.03 µm under a ×10 microscopic 
lens, which is also in a good agreement with the designed length of 550 µm.  The 
inset in this figure also presents the microscope image of the same MCFBG under the 
×40 oil immersion microscopic lens, showing more clearly the edge of the 
microchannel. 
 
 
 
 
 
 
 
 
 
 
 
                
 
 
 
 
 
Figure 5. 8. 550 µm-  MCFBG  microscope image under a ×10 microscopic lens.  The inset shows the 
end image of the microchannel under a ×40 oil-immersion microscopic lens. 
 
Figure 5.9 shows the transmission profile of the 550 µm-MCFBG, where we can 
clearly see a typical phase shift feature which is much clearer than the 50 µm-
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MCFBG.  From the figure one may notice that from random interference features 
within the stopband, there are several clear sub-transmission peaks situated on the 
shorter wavelength side of the main transmission peak, which agree well with 
simulated spectrum of such a device [P8]. 
 
Figure 5. 9. Transmission spectrum of  550 µm-MCFBG. 
 
 
 
We may consider the resultant spectrum of this 550 µm-MCFBG is a combination of 
three sub-CFBGs arranged as two sub-CFBGs of length ~ 4725 µm separated by a 
very short (550µm) grating in the middle.  However, in this sample as the channel 
size is far bigger than the pervious device, so the reduced effective RI of the short 
grating will shift its reflection band to the shorter wavelength side, thus resulting in 
the generation of the main transmission peak in the middle of the original spectrum. 
The shifted reflection spectrum of the middle sub-CFBG is partially overlapping with 
the sub-CFBG located in the shorter wavelength side and causes the strong 
interferences on the shorter wavelength side of the main peak.    Also due to the 
further blue-shifting of the middle sub-CFBG, there is less overlap in the middle part, 
Main peak 
2nd sub- peak 
1st sub- peak 
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so the main transmission peak is well defined and clearer comparing with 50 µm-
MCFBG. 
5.3.2.1. RI Sensitivity Characteristics of 550 µm- MCFBG 
 
In order to identify the RI response of 550 µm-MCFBG, the measurement was taken 
employing the same technique as for 50 µm-MCFBG sample.  In this sample, since 
the shifted reflection of the short grating partially overlapped with the sub-CFBG on 
the shorter wavelength side and generated the strong interferences (sub transmission 
peaks) in the overlap spectral region (Figure 5.10), we evaluated the RI response of 
both the main and the first sub transmission peaks against the surrounding medium RI 
by monitoring their wavelength shifts against the applied RI liquids.  The result of 
this measurement is exhibited in Figure 5.10.  
 
 
 
 
 
 
 
 
 
Figure 5. 10. The wavelength shifts of the main (black squares) and the first sub transmission peak 
(red-circles) against refractive index of surrounding medium. 
 
As it was expected, both peaks red-shifted with changes of RI value but exhibiting a 
non-linear characteristic trend.   To quantitatively estimate the RI sensitivity, we can 
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introduce two response regions for these peaks corresponding to the low and high RI 
values.  From Figure 5.10 we see for the main transmission peak, the RI sensitivity is 
about 1nm/RI in the low RI region from 1.34 to 1.42 and 10 nm/RI in the high RI 
region from 1.42 to 1.46, However, the obtained RI sensitivity values for the first sub 
peak are much less than that of the main-peak, as only about 0.1 nm/RI and 1nm/RI in 
the low and high RI regions, respectively. In the low RI region since the RI value of 
the oil is smaller than the glass core of the fibre, most of the light is confined in to the 
glass than the oil while in high RI range, when the RI value of the oil is greater than 
the glass, the light is mostly guided by the oil than glass and we observe a higher RI 
response from the device. The main peak exhibited more RI sensitivity than the sub-
peak since it is corresponding to the middle sub-grating that contains the 
microchannel is in this sample. The different RI sensitivities of the main and the sub 
peaks may provide a mechanism for multi-parameter sensing for some applications. 
5.3.2.2. Thermal Characteristic of 550 µm- MCFBG 
 
The 550 µm-MCFBG sample was also subjected to the temperature changes. The 
sample was housed on a heating base which was connected to a temperature 
controller.   The temperature was increased from 10˚C to 70˚C by an increment of 
5˚C.  The measured wavelength shifts of main and sub transmission peaks were 
plotted against the temperature changes as shown in Figure 5.11.  
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Figure 5. 11. Thermal responses of main- and sub-transmission peaks of 550µm-MCFBG. 
 
As it is seen in the figure, the main- and sub-transmission peaks exhibit similar 
thermal responses with the values of about  9.4 pm/˚C  and 9.2 pm/˚C  when the 
sample was surrounded by air.  In this situation, the thermal response of the peaks is 
mainly determined by the thermo-optic coefficient of the fibre, so the whole fibre 
experiences the same temperature effect.   
5.3.3. 1000 µm- MCFBG [P2] 
 
The study on MCFBG went further by fabricating another MCFBG containing a 
1000µm long channel in the middle of a CFBG.  The transmission spectrum of this 
device is presented in Figure 5.12.  Also the zoomed spectrum of the fine interference 
pattern and microscope image of the 1000 µm-MCFBG are shown in Figures 5.13 
and 5.14, respectively. 
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Figure 5. 12. Transmission spectrum of 1000 µm-MCFBG. 
 
 
 
Figure 5. 13. The zoomed spectrum of 
interference features from the stopband of 
1000 µm-MCFBG.  
Figure 5. 14. Microscope image of the 1000 
µm- MCFBG  under a ×10 microscopic lens.
 
As it is well indicated in Figure 5.12, a slightly narrower main transmission peak 
appeared in the centre of stopband due to the induction of 1000 µm long channel 
comparing with the other two proposed devices.  Again here we can consider that the 
whole structure of original CFBG has been divided in three sub-gratings;  two 4500 
µm long sub-CFBGs separated by a 1000 µm long CFBG which contains a 1 mm 
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long microchannel. The induction of the microchannel with almost double length of 
the 550 µm-MCFBG decreased the RI of the middle-sub grating and resulted in the 
blue shift of the middle sub-grating.  In this case since the channel size is broader 
than the other two MCFBGs, its reflection band is narrower and it may move further 
toward the shorter wavelength side and totally overlaps with the sub-grating in the 
shorter wavelength side resulting in more fine interference features and absence of the 
sub-grating in the middle part of the stopband 
5.3.3.1. RI Characteristic of 1000 µm- MCFBG 
 
This 1000 µm-MCFBG sample was also subjected to the RI measurement in the same 
fashion as the other two MCFBGs.  The wavelength shifts of the main transmission 
peak and one of the sub-peaks from the shorter wavelength side were measured while 
a set of index liquids with different refractive indices were applied on the sample in 
turn. As presented in Figure 5.15, in this sample only the interference sub-peak 
responds to the RI change while the main transmission peak remains insensitive to the 
surrounding medium RI. 
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Figure 5. 15. The wavelength shift of the main (red circles) and the first sub transmission peak (black 
squares) against RI of surrounding medium. 
 
This result is in contrast with 550 µm-MCFBG in which both main and sub 
transmission peaks were sensitive to the RI changes.  In this sample as the channel 
size is almost double of that in the 550 µm-MCFBG sample, we can assume that due 
to the narrower reflection band of the middle sub-grating, it has fully moved to the 
short wavelength side and left the absence of FBG in the centre of stopband and 
introduced the main transmission peak. This means in the middle part of the stopband 
where the main peak has been formed, there is no grating to respond to the applied RI 
changes.  Thus, the main peak will not be affected by the RI changes.  From Figure 
5.15, one may notice that the RI response of the sub-peak of this device is also non-
linear which is in a good agreement with the results from 550 µm-MCFBG sample.  
Here also two response regions corresponding to the low and high RI values can be 
introduced for the sub-peak.  In the low RI range which is from 1.34 to 1.39, the 
average sensitivity of 1.32 nm/RI was measured for the sub-peak.  The investigated 
RI sensitivity for this sub-peak in the high RI range from 1.39 to 1.43 is 3.29 nm/RI.  
Comparing these results to what we have observed in 550 µm-MCFBG, one can see 
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that the sub-peak from 1000 µm-MCFBG is more sensitive to RI changes than the 
sub-peak from 550 µm-MCFBG, but still noticeably lower than that of the main peak 
in 550 µm-MCFBG sample.     
5.3.3.2. Thermal Characteristic of 1000 µm- MCFBG 
 
The thermal characteristic of the 1000 µm-MCFBG sample was also studied by 
placing the sample on the heat plate while it was surrounded by air. Then we 
increased the temperature from 10˚C to 80˚C by increments of 5˚C employing a 
temperature controller which was connected to the heater.  The result of this 
measurement is presented in Figure 5.16.   
 
Figure 5. 16.  Thermal responses of the main and sub-transmission peaks from the 1000 µm-MCFBG. 
 
The figure indicates that the thermal sensitivities are of 9.9 pm/˚C and 10.2 pm/˚C for 
the main and sub-transmission peaks, respectively.  Evidently in this device also the 
thermal sensitivities of the main and sub-transmission peak are similar to the 
measured temperature sensitivities of 50 and 550 µm-MCFBGs, as they were all 
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measured when surrounded by air, so it is expected well matched with the thermal 
characteristic of the normal CFBGs.   
Since only the interference peak is sensitive to the RI changes and the main peak is 
fully insensitive to the surrounding refractive index medium and comparison with 550 
µm-MCFBG, this device with slightly broader microchannel size exhibited more 
advantages as an RI sensor. In this structure, the main peak can offer the temperature 
reference function, thus eliminating the temperature cross sensitivity problem on RI 
measurement from the sub-transmission peak. So the proposed device has shown the 
capability of simultaneous measurement of temperature and RI changes. 
 
5.4. Summary on MCFBGs 
 
In general, the aim of the creation of microchannels in CFBGs was to enable the 
gratings to be penetrated by the surrounding medium, presenting the RI response for 
chemical and biological sensing.  Although, MCFBG sensors exhibit lower sensitivity 
in respect to LPG [117-118] and thinned FBG [111] sensors their performances in 
terms of RI measurements, they are still comparable with relatively lower cost 
instrumentation. In fact, for FBG demodulation, several low-cost FBG interrogation 
units with high performances (1-pm resolution around 1550 nm) have been proposed 
in the past decade [119] while for the demodulation of LPG sensors, only spectral 
analysis with lower resolution and higher costs have been reported.  Furthermore, The 
small size of the induced microchannel will not only help the grating to access to the 
RI solution but also maintain the robustness of the device making the proposed 
devices more desirable candidates  comparing to those FBGs with the fully or largely 
etched off cladding layers.  However, our first experiment in which a 50 µm-MCFBG 
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was proposed and fabricated indicates that in the case of microchannel with too small 
size, the device can not offer any RI response as either the RI liquid will not be able 
to pass through the channel or the channel has not been induced properly through the 
whole cross section of the fibre. The other advantage the MCFBG can offer is the 
simultaneous measurement of RI and temperature as the main and sub resonance 
peaks exhibit different RI and temperature sensitivities.  
 
5.5. Micro-slot in Fibre Bragg Grating [P10, P12] 
 
 
 
The modified fiber Bragg gratings can also be employed as refractometers for a range 
of applications like in-situ monitoring or sensor miniaturisation.  The employed mode 
coupling in a FBG based refractometr can be one of the following approaches: (a) 
forward mode coupling in TFGs with large tilting angles [94] and LPGs [117, 118], 
(b) backward cladding mode coupling generated by TFGs with small tilt angles [119], 
or (c) backward core mode coupling in FBGs with modified structures in which the 
fiber’s cladding has been fully removed [111].  Between the mentioned categories, 
LPG s and TFGs with large angle are the most RI sensitive devices but they are 
limited in respect of miniaturization because of their long size and use of transmission 
profiles.  In small angle TFGs, the RI sensitivity is relatively low with typical value ~ 
10-4/pm [115] and the gratings with removed cladding are extremely fragile. 
 
In all three categories, since only a small portion of the propagating light in the fibre, 
which can only exist in the cladding, interacts with the material under test the 
proposed devices suffer from the limited sensitivity and an operational range below 
the RI of fibre core. Another reported technique to enhance the RI sensitivity is to 
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employ a liquid as the core of the waveguide instead of its cladding to guide the light 
in applications such as spectroscopy [119] and fluorescence [120].  For the first time 
a fibre based liquid core device employing a refractive grating was reported by Zhou 
et.al from our research group to interrogate the surrounding medium RI [114]. He 
employed the fs assisted chemical etching technique to engrave a micro-slot of 1.2× 
125× 500 µm along a UV inscribed FBG in a standard optical fibre.  His proposed 
device benefits from being more robust and highly sensitive in both low and high RI 
ranges.  Here we report the development of the mentioned study by inscribing a 
micro-slot across the whole length of a 1 mm-long FBG and study the characteristics 
of the fabricated device in terms of RI and temperature sensitivities. 
5.5.1.  Fabrication of Micro-slot in Fibre Bragg Grating 
 
 
 
Figure 5.17 presents the geometry of the proposed micro-slot engraved in the core of 
the fibre and along a FBG. 
 
Figure 5. 17. The geometry of the proposed micro-slot along the grating and across the fibre. 
 
Micro-slot to fill 
the liquid 
FBG 
5.67µm 125µm 
1388.72µm 
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Fabrication process of the proposed micro-slot in FBG includes three main steps: 
1. Fabricating FBG into the core of a hydrogen-loaded standard telecom single-
mode fibre by UV light using the phase mask inscription technique; 
2. Patterning the micro-slot of the desired dimension along the full length of 
FBG and across the whole fibre using tightly focused fs laser beam; 
3. Etching the fs-modified FBG in a 5% HF solution for selective removal of the 
fs-modified region.  
 
1 mm-long FBG was UV inscribed in a SMF-28 optical fibre employing the scanning 
phase mask technique and a CW frequency doubled Ar ion laser operating at 244nm. 
Prior to the UV-inscription, the photosensitivity of SMF-28 fibre was enhanced by 
pressurising in hydrogen for a period of 48 hours at a pressure of 150 bars and the 
temperature of 80˚C. The uniform integrated phase mask used in the experiment has 
the dimensions of 50 mm × 3 mm and the period of 1071.92 nm. 
A 50 mm length of the host fibre was stripped for the middle part of ~1mm for 
grating inscription. The FBG was fabricated by a single scan through the phase mask 
at scan velocity of 0.05 mm/s.  During the fabrication process, the UV laser was 
running at 100mW under a current of 38 mA.  Figure 5.18 shows the transmission 
spectrum of the fabricated 1mm-long grating with the central wavelength of 1552.25 
nm and reflectivity of ~ 9 dB. 
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Figure 5. 18. Transmission spectrum of UV inscribed 1mm-long FBG before induction of a micro-slot 
into its structure. 
 
The fabricated 1 mm-long FBG was annealed for 48 hours and at 103˚C to become 
stabilised. The 1 mm-long FBG was first subjected to RI measurement. For this 
measurement, the sample was housed in a V-groove plate where a set of oils with 
different RI values were applied on the grating.  The transmission spectrum of the 
grating was recorded after each measurement.  The result of this experiment is 
presented in Figure 5.19. 
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Figure 5. 19. RI response of  1mm-long  FBG when it was immersed in a set of RI oils. 
  
 As it was expected the FBG exhibited no sensitivity to the surrounding medium RI 
so it requires some structure modification to become RI sensitive. 
The thermal response of the sample was also investigated by locating the FBG on a 
heater plate which was connected to the temperature controller.  The temperature was 
increased gradually from 10˚C to 80˚C by increment of 10˚C while the spectrum of 
the FBG was recording after each measurement employing an OSA.  The result is 
presented in Figure 5.20. This figure indicates the temperature sensitivity of 11.5 
pm/˚C for the fabricated FBG, which is standard for a normal FBG in SM-28 fibre. 
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Figure 5. 20. Thermal response of 1mm-long FBG. 
 
 
At this stage of sample preparation, a 125 (width) ×5.74 (height) ×1388.72 (length) 
µm micro-slot was patterned across the whole fibre and along the FBG by employing 
the fs-laser machining technique.  fs-laser pulses of λ= 800nm were tightly focused on 
the fibre by a ×100 objective lens with N.A. of 0.55 while the working distance was 
set at 13 mm. The pulse width of the laser was ~150 fs with 1 kHz repetition rate. The 
fibre was mounted on a dual-axis air-bearing translation stage to write the desire 
pattern simply by translating the fibre with respect to the fs-laser beam.  It is worth to 
mention that the cylindrical geometry of the fibre would cause the distortion to the 
focus volume if the inscription was performing with fibre in air [115].   
Following this step, the fibre with the micro-slot pattern was chemically etched in 5% 
HF acid solution and an ultrasonic bath was employed to increase the penetration of 
HF acid into the patterned region of the fibre.  During the etching process, the 
transmission spectrum of the sample was monitored using a broadband light source 
and an OSA.  The spectrum exhibited the loss after 9 mins since the start of etching 
process and then the rapid growth of the loss was observed.  This fast loss growth rate 
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indicated that the region close to the core was being etched.  The fs-laser patterning 
caused a very high etching rate which was approximately 100 times higher than in 
pristine materials. After approximately 15 minutes of chemical etching, a micro-slot 
with a height of 5.74 µm was generated along the FBG and across the fibre. A high-
resolution optical microscope was employed to inspect the micro-slot structure in 
FBG after the chemical etching process. Microscope images of the proposed device 
under ×5 and ×40 microscopic lenses are presented in Figure 5.21. 
 
 
 
Figure 5. 21. Microscope image under a ×5 microscopic lens showing the 1388.72 µm- micro-slot 
along a FBG and across the fibre.  Note: The insets are the microscope images of the same device 
observed by × 40 oil-immersion microscopic lense. 
 
 
 
5.5.2.  Characteristics of Micro-slot FBG 
 
 
 
Transmission loss profile of the device was recorded when it was surrounded by air 
and different RI oils. A tuneable laser light source (Aglient 8164A) which was 
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connected to an optical vector analyser EL from LUNA Technologies was employed 
to carry out these measurements. Three transmission loss spectra of the sample have 
been selected to present.  Figure 5.22 shows the transmission profile of the device, 
when it was surrounded by air.  
 
Figure 5. 22. Transmission loss profile of the micro-slot FBG when it was surrounded by air. 
 
As it is expected due to the large size of the induced micro-slot, Fabry Perot 
resonances spread all over the spectrum and the original Bragg peak is not observed in 
this figure. This effect might happen due to the change in the light distribution in this 
sample as a result of the induced air-filled micro-slot in a relatively large area of the 
central part of the fibre core where the grating is located. Figure 5.23 shows the 
schematic diagram of the light distribution in the proposed device under this 
condition.  In this case the high intensity wavefront of the incident light mainly does 
not enter the micro-slot and will be confined in the remaining glass part of the fibre, 
where the remaining tiny portion of the grating is located. After some distance from 
the other end of the micro-slot once again light is confined in the fibre core. In such 
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condition, two edges of the micro-slot will act as reflecting mirrors resulting in Fabry-
Perot resonances in the transmission spectrum of the device. 
 
 
  
 
 
Figure 5. 23. Schematic diagram of the light distribution in micro-slot FBG when it is surrounded by 
air. 
 
Then we have applied 1.36 RI oil on the sample and recorded the transmission 
spectrum of the device and the spectrum is exhibited in Figure 5.24. 
 
Figure 5. 24. The Transmission spectrum of the micro-slot FBG when it was immersed in 1.36 RI oil. 
 
 
As we can clearly see in this figure, with filling the micro-slot by the index oil the 
Bragg peak appears in the spectrum but at lower wavelength than the original FBG.  
Here the Bragg peak is located at 1548.39 nm with 1 dB transmission while in the 
original FBG without the micro-slot the Bragg peak was at 1552.25 nm and exhibiting 
Cladding 
Cladding 
Core 
Claddi
Micro-slot 
Incident 
Light 
FBG 
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9 dB transmission.  This data evidently presents the induced loss of creating a big 
micro-slot across the fibre.  Also by introducing a big micro-slot across the fibre and 
along whole grating, the total effective index of the fibre will be decreased.  Here the 
micro-slot has been filled with the oil having less RI value than fibre material so the 
value of total effective index has been reduced and resulted in the blue-shift of the 
Bragg peak.   
After this measurement, the sample was subjected to another experiment when 1.478 
RI oil was applied on the sample.  Figure 5.25 presents the transmission loss profile of 
the proposed micro-slot FBG when it was immersed in 1.478 RI oil. 
 
Figure 5. 25. The transmission spectrum of the micro-slot FBG when it was immersed in 1.478 RI oil. 
 
 
Figure 5.25 evidents the appearance of the Bragg peak in its original wavelength of 
1551.21 nm and two more reflection peaks located in higher wavelength range in the 
transmission profile of the proposed device. This can be explained by considering the 
fact that when the oil with higher RI value of 1.478 is applied, the device becomes a 
liquid refractometer in which the oil takes the role of leading the light. The high RI 
value of the penetrated oil in the sample results in increase in the mean effective index 
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of the fibre to such an extent that it becomes few-moded and the grating couples the 
light to higher order modes.  
 
5.5.2.1. RI Characteristic of Micro-slot FBG 
 
The response of the proposed and fabricated 1mm-long micro-slot FBG device to the 
RI of surrounding medium was investigated by applying a set of index oils from 
Cargille Laboratories on the sample and the transmission spectrum of the device for 
each individual RI oil was measured employing a Lunar tuneable laser source. 
In this experiment, similarly the device was fixed in a V-grooved aluminium plate to 
ensure the measurement is taken free from other effects including strain, bend and 
temperature. Considering the relatively big size of the micro-slot to ensure no residue 
RI oil left in the micro-lot, after applying each RI oil and recording the transmission 
spectrum of the sample, it was rinsed with acetone, methanol and water.  This process 
repeated for several times until the original spectrum of the device when it was 
surrounded by air was restored, and the sample was ready for the next RI 
measurement. Figure 5.26 indicates the RI response of the proposed device in a range 
from 1.36 to 1.496. 
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Figure 5. 26. RI characteristic of the proposed micro-slot FBG. Note: The inset presents the response of 
the device in high RI range. 
 
 
 
As it is indicated in Figure 5.26 there are two very different response regions for this 
sample corresponding to the low (1.36 to 1.448) and high (1.456 to 1.496) RI values.  
In the low RI region, the proposed device is almost insensitive to the applied RI while 
for the high RI values, it exhibits the RI sensitivity of about 742.73 nm/RI.  It seems 
that in the low RI region, the launched light is still confined with the glass and guided 
by the fibre material so still only evanescent wave penetrates into the oil in this 
region.  In high RI region, the oil will take over the light guiding and the light will 
mainly remains in the gel filled part, so the effective index is decided by the index oil.  
This result is in a good agreement with the reported simulation and experimental 
results in Zhou et.al paper [115].  
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5.5.2.2. Temperature Characteristic of Micro-slot FBG 
 
 
We also investigated the thermal characteristic of 1mm-long micro-slot FBG sample 
by placing the sample on the heat plate and increasing the temperature from 10˚C to 
60˚C by increments of 5˚C employing a temperature controller which was connected 
to the heater. The transmission spectrum of this device was recorded using a tuneable 
laser. The measurement was carried out twice for the sample while it was surrounded 
by 1.448- and 1.456 –RI oils, respectively.   
We examined the temperature sensitivity of the device when it was subjected to 1.448 
RI oil and the result is presented in Figure 5.27. 
 
Figure 5. 27. Thermal response of 1mm-long micro-slot FBG when it was immersed in 1.448 RI oil.  
Note: By increasing the temperature RI value of the oil decreases by rate of -dn/dT=3.79×10—4 / °C  
and as indicated in the figure at 25ºC and 60°C, the RI value of the oil decreases from 1.448  to 1.442 
and 1.429 respectively. 
 
 
The figure indicates two thermal response regions for the device when is immersed in 
1.448 RI oil.  In low temperature region from 10°C to 25°C, there is a certain degree 
of random wavelength shift for the device while by increasing the temperature and 
entering to the higher temperature range from 25°C to 60°C, a rapid upward 
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wavelength shift is realised. The measured temperature sensitivity in this region is 
about 17.1 pm/°C which is much higher than the thermal response of the primary 
FBG. This result can be explained by considering the fact that by increasing the 
temperature, the RI of the 1.448 RI oil will decrease by the factor of 
CdT
dn
o
41079.3 −×
=− (the value provided by Cargille Laboratories), so as it is 
indicated in the figure, at 25°C, the RI of the oil decreases not significantly from 
1.448 to about 1.442 and with further increase of the applied temperature to 60°C, the 
RI value of the oil reaches to almost 1.429. In this region, the RI value of the oil 
decreases in such a level that the light will be confined in the glass rather than in the 
oil and the Bragg peak starts red-shifting with increasing temperature. The high 
temperature sensitivity in this region is due to the combination of the rapid reduction 
of RI value of the oil at high temperature and increase in RI value of the glass by 
heating the sample.  
 
In the low thermal region, while the RI is still high, the temperature sensitivity is 
driven by the oil and due to the negative thermo-optic coefficient of the oil, there is no 
noticeable red-shift trend in the Bragg resonance. This argument is in a good 
agreement with the observed results from the other measurement in which the sample 
was immersed in 1.456 RI oil and was subjected to the temperature experiment. 
Figure 5.28 presents the thermal response of the 1mm-long micro-slot FBG when it 
was surrounded by 1.456 RI oil. 
 172 
 
 
Figure 5. 28. Thermal response of micro-slot FBG when it as immersed in 1.456 RI oil. 
 
 
The figure clearly indicates an exponentially decaying thermal response of the device, 
which is opposite to that shown in Figure 5.27.  We may also divide two well 
separated response regions corresponding to the low (from 10°C to 45°C) and high 
(45°C to 60°C) temperature values for this measurement. In this case also the RI of 
the oil is reducing by enhancing the temperature.  The decrease rate of 1.456 RI oil is 
determined by the value of
CdT
dn
o
41074.3 −×
=− .  The calculation based on this factor 
presents that by increasing the temperature to 45°C, the RI value of the oil reduces to 
1.444  and when the temperature is set at 60°C, this value further reduces to 1.4373, 
as marked in the figure.  
Based on the fact the effective RI, neff, of the proposed device is a function of 
combination between RI of the silica glass and the RI oil, we can write the following 
equation: 
OilGlasseff nCnCn 21 +=   (eq: 5.1) 
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Where C1 and C2 are representing the portion of light distributing into the glass and 
oil respectively. Also Glassn and Oiln  are RI of the glass and consequently the portion of 
light travelling into the glass part will increase by Glassn∆  and 1C∆  while the RI of the 
oil and the portion of light confining into the liquid part decrease by Oiln∆ and 2C∆  
due to the negative thermo-optic coefficient effect of the liquid as shown in equation 
5.2.  
( )( ) ( )( )OilOilGlassGlasseff nnCCnnCCn ∆−∆−+∆+∆+= 2211   (eq: 5.2) 
Simplifying the above equation results in equation 5.3. 
( ) ( )OilOilGlassGlassoilGlasseff nnCnnCnCnCn ∆−∆−∆+∆++= 2121  (eq: 5.3) 
When oils with higher RI values than glass are applied on the device, by increasing 
the temperature the negative term in equation 5.3 becomes the dominant part and 
results in decreasing of the effective RI and consequently wavelength blue shifting.  
This wavelength shift trend continues with the temperature until the RI value of the 
oil reduced to a value close to the index of the fibre glass.  So, in the low temperature 
response and when the RI of the oil is in the range of 1.456- and 1.444, similar to the 
given explanation in the previous experiment , the oil is a predominating factor and 
based on the negative thermo-optic coefficient of the oil, the Bragg peak shifts to the 
shorter wavelength.  When the temperature further increases to 45°C, the RI value of 
oil becomes close to the glass so the downward trend of the wavelength shift stops.  
At this point since the sample is about to start behaving based on glass character, it is 
predicted that by further increase in the temperature, we should observe a linear red-
shift of the Bragg peak. 
 
 174 
5.5.2.3. PDL Measurement of Micro-slot FBG 
 
 
The induction of a large micro-slot into the grating structure can induce some PDL in 
to the device since the geometry of the fibre is changed. However, if the micro-slot is 
inscribed symmetrically into the fibre the polarisation effect will be negligible and an 
ideal sensing performance from the device will be achieved.  The polarisation 
characteristic of the proposed device was investigated by employing a tuneable laser 
light source (Aglient 8164A) which was connected to an optical vector analyser EL 
from LUNA Technologies. The optical vector analyser is capable of characterising 
polarisation effects such as PDL by scanning a tuneable laser only once. This is 
achieved by conditioning the optical signal in the fibre before it propagates through 
the device under test. The single scan nature of the technique leads to greatly 
enhanced measurement speeds and higher levels of accuracy and repeatability.  
The result of this experiment is presented in Figure 5.26.  It should be noticed that for 
a clear comparison, the measured PDLs for each index oil are displayed with offsets 
in this figure.  As we can see from Figure 5.29 there is no noticeable PDL value for 
the 1mm-long micro-slot FBG. The largest observed PDL is about 0.55 dB seeing 
from the measurement in which the sample was immersed in 1.40 RI oil. As one may 
observe from this figure, for the measurements in which the sample was surrounded 
by index oils with the high RI value, the device shows a non polarisation dependent 
characteristic. 
 
 175 
 
Figure 5. 29. PDL measurement of micro-slot FBG when it was immersed in air and RI oils.  
Note, the PDLs are plotted with offsets. 
 
In summary, we have investigated a micro-slot FBG with the capability of 
temperature and RI measurement. The result was in a good agreement with the 
previous theoretical and experimental published data. Comparing with the earlier 
discussed MCFBGs, the proposed micro-slot FBG has expressed more sensitivity to 
the surrounding medium. This device benefits from the low cost and relatively simple 
and efficient approach in fabrication technique.  
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5.6. Conclusion 
 
 
In this chapter the systematic study of fabrication and characterisation of three 
MCFBGs with different channel sizes of 50 µm, 550 µm and 1000 µm and one micro-
slot FBG with the slot size of 1388 µm were proposed, fabricated and experimentally 
characterised.  All the proposed devices were fabricated by employing the fs-laser 
patterning aided chemical etching technique. In standard glass optical fibre, effective 
RI is not influenced by the surrounding medium and also as the mode coupling takes 
place between well bounded forward and backward propagating core modes, FBGs 
are normally RI insensitive. In the demonstrated micro-structured FBG devices, the 
Bragg wavelength shift associated in the etched part is directly related to the 
dependence of the effective RI of the fundamental mode on the surrounding medium 
RI. Due to the interaction of the evanescent field with the surrounding medium, when 
RI increases the evanescent field in the surrounding medium also increases and causes 
the maximum sensitivity of the device while the value of surrounding RI medium is 
close to the cladding one.  In this case, only measurand changes will influence the RI 
and the grating period is practically unchanged.    
 
In 550- and 1000-µm MCFBGs, the reduced effective index of the microchannel 
region results in generation of transmission bands inside the CFBG stopbands and the 
devices become sensitive to the RI variation. The spectral responses of the fabricated 
MCFBGs are in a good agreement with each other. The RI sensitivity of these 
MCFBGs is evaluated by measuring the wavelength shifts of the main and sub 
transmission peaks against the surrounding medium RI, showing a nonlinearly 
increased RI sensitivity.  
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For 550 µm–MCFBG, the main transmission peak shows the RI sensitivity up to 
about 410− RI/pm where the sub transmission peaks are less sensitive to the RI 
changes. However due to their narrow line-width feature they are capable of providing 
a higher sensing resolution. In 1000 µm–MCFBG, the main peak exhibits no RI 
response while the sub-peaks are sensitive to the RI changes.  In the case of 50 µm–
MCFBG, the fibre core could not be penetrated by RI oils so no RI response was 
detected from this sample; There are two assumptions for this result: 1- the channel 
might has not been induced fully over the whole cross section of the fibre and 2- due 
to the very tiny size of the channel the oil could not penetrate to the fibre’s core. 
 
Furthermore this chapter reported the investigation on the temperature characteristics 
of MCFBGs; in all three MCFBGs the main and sub transmission peaks exhibit 
similar thermal responsivities of about 10 pm/°C while they were surrounded by air. 
This value is similar to the measure temperature sensitivity of normal CFBG and 
indicates that the thermal response of the proposed devices is influenced by the 
themo-optic coefficient property of the fibre.  Furthermore, since the main peak from 
the spectrum of the 1000 µm- MCFBG is only sensitive to temperature changes, it can 
be employed as a temperature reference sensor and the device can be employed for 
simultaneous measurements of RI and temperature, thus represents an ideal structure 
for implementation of in-fibre bio-chemical sensors.  
 In this chapter we also report the engraving of a micro-slot with 5.67 (H)×125 (W) 
×1388 (L) µm along a 1mm-long FBG using the same fs-laser patterning and 
chemical etch technique. The micro-slot FBG was also subjected to the RI and 
temperature test and the results indicate that the device is effective in a broad RI 
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range.  The micro-slot FBG exhibits the RI sensitivity of about 742.72 nm/RI in the 
RI range from 1.456 to 1.496.  
 
The thermal response of the micro-slot FBG was measured when it was immersed in 
two different RI oils and the results were fully discussed.  It was clearly observed that 
if the device is immersed in oil with higher RI value than the glass, by increasing the 
temperature, the thermal response of the micro-slot FBG immersed will exponentially 
decrease due to the negative thermo-optic effect of the oil. 
 
The PDL characteristic of the micro-slot FBG was also studied and no noticeable PDL 
was observed from this sample surrounded by air or a set of RI oils.  Overall, all the 
proposed and fabricated micro-structure gratings show not only the enhanced 
sensitivity to the external RI, but also a better mechanical strength than other 
chemically etched FBG sensing devices, thus represent a more ideal structure for 
implementation of in-fiber bio-chemical sensors. 
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Chapter 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fibre Lasers Using Intra-
Cavity Tilted Fibre Gratings 
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 6.1.   Introduction 
 
 
Optical fibre lasers with single polarisation and switchable multiwavelength output 
are useful devices for many applications, such as WDM in optical fibre 
communication systems, fibre sensors, optical instruments, and system diagnostics. 
FBGs are ideal wavelength selective components for fibre lasers due to their 
advantages of intrinsic fibre compatibility, ease of use, and low cost fabrication. 
Erbium-Doped Fibre (EDF) has been developed and widely used for commercial fibre 
lasers and amplifiers owing to its high optical gain and low noise figure in the 1550 
nm region.  However, because of its relatively broad homogeneous excitation, it is 
difficult to obtain the stable and relatively close wavelength spacing oscillations in 
EDF Lasers (EDFLs) at room temperature. Various techniques have been developed 
to suppress the mode competition induced by the homogeneous broadening of EDF, 
such as cooling down EDF in liquid nitrogen [122], incorporating a frequency shifter 
in the cavity [123], employing a hybrid gain medium [124], and utilising spatial hole 
burning by inserting a multiphase shift FBG in a linear cavity fibre laser [125]. 
Special laser cavity configurations for multiwavelength operation by incorporating a 
segment of highly nonlinear photonic crystal fibre or dispersion shifted fibre have also 
been reported [126-128].  In the recent years, multiwavelength fibre lasers operating 
at room temperature utilising the Polarisation Hole Burning (PHB) effect have also 
been studied extensively and various setups have been demonstrated [129–131].  
However, in all these reports, the PHB effect has only been studied with the 
Polarisation Maintaining (PM) fibre-based devices. 
 
Based on spectral characteristics of TFGs discussed in chapter 3, this chapter will 
report the stable, single polarisation and multiwavelength switchable EDFL using 
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intracavity polarisation selective filters based on TFG devices with tilted structures at 
small and large angles.  The proposed cavities do not contain any PM fibre based 
device.  Depending on the angle size of the tilted structure, different TFGs are 
employed as an in-fibre polariser or a fibre PDL filter in the cavity.  The combined 
effect of these TFGs induces the PHB effect in the cavity for switching the laser 
operating at single, double, triple and quadruple wavelengths. The proposed laser 
systems have demonstrated a good stability under room temperature condition and 
also achieved a high DOP(~30 dB), high Optical Signal to Noise Ratio (OSNR) up to 
63 dB, and high Side Mode Suppression Ratio (SMSR) about 50 dB. The proposed 
cavities have also been investigated for their capability of the temperature and strain 
sensing by subjecting the seeding FBGs to the temperature and strain variations. The 
fibre ring laser systems have shown the good self-referencing and sensing responses 
to the temperature and strain variations, providing sensitivities of approximately 11.7 
pm/°C and 0.85 pm/µε respectively. 
6.2.    Single Polarisation and Multiwavelength Switchable Fibre Ring 
Lasers Using Intracavity TFGs with structures tilted at ≥ 45º  
 
 
 
We have constructed two EDF fibre ring laser systems to demonstrate single 
polarisation outputs with single, double, triple and quadruple wavelengths by 
employing a 45˚-TFG as an in-fibre polariser and one/two tilted > 45º TFGs as 
polarisation selective filters in the cavities.   
In contrast to the reported single polarisation switchable wavelength fibre lasers in 
which almost all the employed fibre gratings were inscribed in special fibres, like PM 
and multimode fibres, our proposed systems are based on all standard single mode 
fibres, possessing advantages of low splicing and insertion loss.  
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6.2.1.  Dual Wavelength Oscillation Laser Cavity [P4] 
 
 
 
The configuration of the proposed double-wavelength switchable fibre ring laser 
system is shown schematically in Figure 6.1.  In this configuration, the gain medium 
is a 10 m section of a highly erbium doped fibre, which is pumped by a 1480 nm laser 
diode through a 1480/1550 WDM coupler.  An Optical Isolator (OIS) ensures an 
anticlockwise ring cavity. The 10% arm of the 10/90 coupler is used as the output port 
of the laser. As shown in the figure, a 45°-TFG is used as an in-fibre polariser while 
the other large angle tilted grating, 77˚-TFG, is employed as polarisation loss selective 
filters in the system.  A PC is placed between the two TFGs to select/optimise the 
polarisation of the cavity. In order to achieve single and dual wavelength operation, 
two normal structure FBGs (G1 and G2) with a reflectivity of ~ 97% and wavelengths 
at 1547 nm and 1553 nm, which match the polarisation bands of the 77˚-TFG, are 
used as two wavelength seeders incorporated in the cavity through an optical 
circulator. The output of the fibre laser is measured either through an OSA or a 
system marked in the dotted box for measurement of polarisation.  
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Figure 6. 1. The schematic setup of a single and dual wavelength switchable fibre laser cavity. 
 
According to the previous work of our group [132], a TFG with structure tilted at 45° 
will couple S-polarised light out and leave P-polarised light transmitting in the fibre.  
This behavior may be explained by Brewster’s law; if we consider the grating’s 
periodic structure comprising of two layers material with slightly different refractive 
indices, n1 & n2, the Brewster’s angle (αc) for the interface is determined by:  
tan αc = n1/n2 and due to the almost identical value of n1 & n2, with the difference of 
less than 0.01, αc is ~ 45º.   This unique characteristic of the 45º-TFG, provides a 
mechanism through which it can be implemented as an ideal in-fibre polariser.  Also 
in the same work, it was investigated that the Polarisation Extinction Ratio (PER) 
increases linearly with the length of the grating but varies more significantly with the 
grating’s strength.  It was reported that a 5cm long 45º-TFG exhibits a strong PDL ~ 
30 dB over nearly 80 nm bandwidth in the 1550 nm region.    
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In order to realise single polarisation output, the 45º-TFG was used in our fibre ring 
laser system as an intra-cavity polariser. The grating was inscribed in the hydrogen 
loaded B/Ge single mode fibre using scanning phase mask technique and a 244 nm, 
CW doubled frequency Ar+ UV laser.  The period of the employed phase mask was 
1800- nm. To achieve the tilted fringes at 45º in the fibre core and induce the radiation 
response around the 1550 nm region, the phase mask was rotated at 33.7º respecting 
to the fibre axis in the UV-inscription.  Limited by the size of the phase mask, 
concatenation method was used in the fabrication to obtain a 5 cm long 45º-TFG. The 
5 cm long, 45º-TFG was characterised for its PDL using the scheme illustrated in 
Figure 6.2.  
 
In this measurement, light from a BBS was first polarised by a polariser prior to 
launching in to the 45°-TFG.  A PC was also employed to change the polarisation 
state of the probed light in the grating. By changing the polarisation states, the 
maximum and minimum transmission spectra were measured, employing an OSA.  
 
 
Figure 6. 2. Schematic diagram of PDL measurement of 45°-TFG. 
 
PDL spectrum was then obtained by subtracting the minimal transmission from the 
maximal transmission. As the light of different wavelengths from the BBS is polarised 
at different degrees, the measured PDL is an average effect over the measured 
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wavelength range. The PDL spectrum measured using the above mentioned scheme 
for the 45°-TFG, is presented in Figure 6.3.  
 
Figure 6. 3. PDL spectrum of 5cm long 45°-TFG . Note, the  ripples are due to the residual reflection 
at the air-cladding boundary and the red line gives the spectrum when the grating immersed in index 
match gel. 
 
From the Figure 6.3 one may notice that the PDL decreases from 20 dB to 10 dB with 
wavelength increasing from 1530 nm to 1600 nm. The ripples appeared in the black 
line spectrum were caused by the residual reflection at the air-cladding boundary. 
While the grating was immersed in index matching gel, they were disappeared and the 
smooth spectrum was obtained, as shown by the red line in Figure 6.3.  
 
The large angle TFG used as PDL filter in the laser system was fabricated using the 
system inscription system with designed tilted angle at 77°  to match the wavelengths 
of the two seeding FBGs in 1550 nm region. The 77º-TFG was UV-inscribed in the 
hydrogen loaded SMF-28 fibre using a custom-design amplitude mask with a 6.6 µm 
period. The mask was carefully rotated at 73º in the inscription system to obtain the 
desired TFG structures.   
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Figure 6.4 (a) depicts the transmission spectrum of the 77º-TFG measured in the 
wavelength region from 1200 nm to 1700 nm. From the figure we can clearly see that 
there is pronounced peak splitting on the spectrum and all the peaks are relatively 
weak giving strength around 2-3dB. This spectrum was measured using unpolarised 
light. When a polariser and a polarisation controller were inserted between the BBS 
and the TFG, either split peak was excited depending on the polarisation of the probe 
light. As clearly shown in Figure 6.4 (b), which gives zoomed one pair of split-peaks 
for the 77°-TFG, when the light was switched from the equivalent fast-axis 
polarisation to the equivalent slow-axis polarisation, the peak at the shorter 
wavelength side vanishes while the peak at the longer wavelength side grows to the 
maximum and vice versa. This evidently indicates that the 77°-TFG can act as a 
strong PDL filter and this property can be utilised to induce wavelength selective PHB 
effect to realise a multi-wavelength switchable function in the proposed fibre ring 
laser system. 
 
As shown in Figure 6.1 a PC, placed between 45º-TFG and 77º-TFG, is employed in 
the system to adjust the polarisation state of the cavity.  As mentioned before, two 
normal structure FBGs (G1, G2) were used as the wavelength selective seeding 
devices and fed to the ring cavity via an optical circulator. This circulator also acts as 
an isolator to maintain the single direction oscillation.  The two FBGs were fabricated 
in hydrogen loaded SMF-28 fibre using standard UV-inscription and the phase mask 
technique. The Bragg wavelengths and reflectivities for the two FBGs were1547 nm 
/2.5 dB and 1553 nm /2.2 dB, respectively. These two wavelengths were chosen to 
match the two polarisation loss bands of the 77°-TFG in 1550 nm region. The end of 
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the FBG array is terminated by index matching gel in order to eliminate the 
background ASE noise. It must be mention that all tilted and normal structure gratings 
were thermally annealed at 80ºC for a period of 48 hours after the fabrication to 
stabilise their spectral properties. 
 
 
Figure 6. 4.  (a) Transmission spectrum of the 77°-TFG over wavelength range of 1200nm – 1700nm; 
(b) Zoomed spectra of one paired polarisation loss peaks of 77 °-TFG around 1550 nm measured with 
randomly (solid line) and fully polarised input lights (black dotted line: fast-axis; red dotted line: slow-
axis). 
 
The operation principle of this EDFL is described as follows. The intracavity 45°-
TFG has a high PER, which can guarantee that the fibre ring laser will oscillate in a 
single-polarisation regime [90].  
The 77° TFG will induce PDL to the ring cavity around its paired attenuation band 
region, thus imposing PHB effect to the gain medium in this region. The amplitude of 
the loss depends on the polarisation state of the light travelling in the 77°-TFG.  By 
adjusting the PC to control the polarisation state of the light entering the 77°-TFG, 
i.e., polarised in the equivalent fast- or slow-axis of the 77° -TFG, single-polarisation 
and single-wavelength lasing at either 1548 nm or 1553 nm can be realised.  Figures 
6.5 (a, b) represent the single wavelength oscillation of the proposed laser at the 
mentioned wavelengths.  
  
 (a) 
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Figure 6. 5. Single-wavelength lasing oscillation of the proposed fibre ring laser using 45°-TFG and 
77°-TFG lasing at two the seeding wavelengths (a) 1548 nm and (b) 1553.nm; (c) and (d) show the 
stable laser outputs at these two wavelengths for a 30 min period. 
 
The amplitude variations of the laser output were measured to be less than 0.5 dB 
within 30 mins at the laboratory conditions and the spectrum was recorded every 
single minute and is plotted in Figures.6.5 (c, d).  From Figures 6.5 (a, b) we can see 
that the OSNR is more than 60 dB and the SMSR is larger than 50 dB for both laser 
lines. Owing to the especial functionality of the 45°-TFG and the low reflectivity of 
the two seeding FBGs, these two values are higher than that of the reported EDFLs 
[90, 133-135]. 
 
As it is depicted in Figure 6.6 (a), by changing the polarisation direction of the light 
launching at 45 º between the equivalent fast- and slow-axis of the 77º- TFG, dual 
 
(a) (b) 
(c) (d) 
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wavelength output of two orthogonal polarisations was achieved.  We have 
continuously monitored the dual wavelength operation of the proposed laser for 30 
mins under the laboratory condition, and no noticeable changes were observed for a 
fixed position of PC (Figure 6.6 (b)). 
 
 
 
Figure 6. 6.  (a) Dual-wavelength lasing oscillation of the proposed fibre ring laser, (b) Stability of 
dual-wavelength oscillation  (30 times repeated scan). 
 
The values of signal to noise ratio for both lasing wavelength were more than 60 dB 
whereas the values of SMSR for 1548 nm & 1553 nm oscillations were about 47 dB 
& 51 dB, respectively.  The line widths of both single- and dual-wavelength laser 
oscillations were measured to be less than 0.01 nm limited by the resolution of the 
available OSA (ANDO 76317B). 
 
DOP measurement of the output of the proposed fibre laser was conducted by the 
setup shown in the dotted line box in Figure 6.1. 
 
DOP =  P pol / (P pol + P unpol) × 100 % 
 
 
(a)    (b) 
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Where P pol  and P unpol indicate the power of the polarised and un-polarised parts of 
the light respectively. Therefore, 100% DOP represents a single polarisation output. 
Based on our group’s previous investigation of the characteristic of a 45°-TFG as an 
in-fibre polariser [90] the output of the laser cavity without employing the 45°-TFG is 
showing the DOP value of ~ 2 dB equivalent to 22.48% in percentage term, indicating 
an almost unpolarised laser output.  In this configuration, the DOP value of the laser 
output was measured similar to the PDL measurement such that by adjusting the 
polarisation controller, the maximum (P pol + P unpol) and the minimum (1/2 P 
unpol) value of the laser output were measured.  By subtracting the minimum value 
from the maximum value, the DOP about 35 dB was measured for the proposed ring 
cavity.  This value corresponds to 99.94% in percentage term and clearly indicates a 
highly polarised output of the laser. 
 
We have also characterised the pumping efficiency of the EDF system just for the 
lasing at ~1553nm.  For this experiment, first the output of the ring cavity was 
connected to an OSA, then the driven current to the 1480 nm pump diode was 
increased gradually. When the current was below the threshold, we only saw the ASE 
broadened spectrum on the OSA and, as soon as the current reached the threshold, a 
narrow lasing peak at ~1553 nm appeared on the screen of the OSA. At this point, the 
output terminal of the ring laser was disconnected from the OSA and attached to a 
power meter via a pigtail fibre.  The output power of the laser for each driving current 
was recorded.  Figure 6.7 plots the laser output against pumping current for the lasing 
wavelength at ~ 1553 nm.  From the figure one can estimate that the apparent 
pumping efficiency is about 1.54 µW/mA.  
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Figure 6. 7. Output power vs pump diode current for lasing at 1553 nm. 
 
 
6.2.2. Triple and Quadruple Wavelength Oscillation Laser Cavity [P3] 
 
 
In this part, the above work has been developed and modified by employing few more 
components in the structure of the ring laser resulting in a switchable triple and 
quadruple wavelength output.  The schematic diagram of the proposed laser cavity is 
shown in Figure 6.8.  As one may notice that the structure of this new cavity is 
different from the previous system only by employing an additional large angle TFG 
(79˚-TFG) and one extra PC situated between77˚-TFG and 79˚-TFGs. In the triple and 
quadruple wavelength operation, we used one and two more seeding FBGs, 
respectively, to match with the polarisation loss bands of 79˚-TFG.  Also due to the 
availability of the laboratory facilities at the time of this experiment, a 975 nm pump  
laser was used to pump the fibre laser cavity  through a 980/1550 WDM. The 
operation principle for triple and quadruple oscillation is basically the same as what 
has been explained for the dual-wavelength operation in the last section; in this 
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system, selection of lasing wavelength is achieved by controlling the polarisation 
states of the light using two PCs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. 8. Schematic diagram of the tripe and quadruple wavelength fibre ring laser cavity. 
 
 
The 79˚- TFG was also UV inscribed in the hydrogen loaded SMF-28 fibre with a 
paired polarisation loss peaks matching the additional seeding FBGs.  
Figure 6.9 (a) presents the full transmission spectrum of 79°-TFG in the wavelength 
range from 1200 nm to 1700 nm. As figure shows, it also exhibits multiple split 
polarisation peaks. Figure 6.9 (b) shows zoomed spectra for one pair of polarisation 
peaks of the 79°-TFG when the grating was excited with probing light at three 
polarisation states (0˚, 45˚and 90˚), showing PDL response.   
In the triple wavelength experiment, three seeding FBGs (G1, G2, and G3) were 
coupled into the laser cavity by a circulator.  The Bragg wavelengths and reflectivities 
of these seeding FBGs are 1547 nm/ 2.5 dB, 1553 nm/ 2.2 dB and 1563 nm/ 2.1 dB, 
and their wavelengths were chosen to match the two pairs of loss bands of 77°-TFG 
and 79°-TFG.   
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Figure 6. 9.  (a) Transmission spectrum of the 79°-TFG over wavelength range of 1200 nm – 1700 nm 
(b) Zoomed spectra of one paired polarisation loss peaks of 79 °-TFG around 1550 nm measured with 
randomly (solid line) and fully polarised input lights (dashed lines). 
 
 
 
By adjusting two PCs, one located between 45º-TFG and 77º -TFG and the other one 
between two 77º-TFG and 79º-TFG, the polarisation state of the light entering the two 
large angle TFGs (polarised in the equivalent fast- or slow-axis of the TFGs) can be 
controlled to excite different polarisation peaks at different wavelengths. Figures 6.10 
(a-c) evidently demonstrate the single wavelength oscillation of the fibre ring laser at 
the three seeding wavelengths at 1547.05 nm, 1553.27 nm and 1563.05 nm, 
respectively.   
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Figure 6. 10. Single wavelength oscillation at (a) 1547.05 nm (b) 1553.27 nm and (c) 1563.07 nm. 
 
 
Similarly, by adjusting the two PCs, dual- and triple-wavelength operation are 
achievable.  Figures 6.11 (a-c) show three sets of dual-wavelength oscillations at 
1547.06 nm /1553.27 nm, 1547.06 nm /1563.07 nm and 1553.27 nm /1563.07 nm, 
respectively. Figure 6.12 shows the spectrum for one triple-wavelength oscillations at 
1546.94 nm / 1551.99 nm / 1562.63 nm. 
 
(a) 
 
(b) 
(c) 
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Figure 6. 11. Demonstration of alternative dual wavelength lasing at (a) 1547.06 nm / 1553.27 nm (b)  
1547.06 nm / 1563.07 nm and  (c) 1553.27 nm / 1563.07 nm 
 
 
Figure 6. 12. Triple wavelength oscillation for all three wavelengths. 
 
 
By adding one more seeding FBG at 1569 nm/5.6 dB to match the second polarisation 
loss peak of 79˚-TFG, we further investigated quadruple wavelength operation of the 
system incorporating one in-fibre polariser based on the 45°-TFG and two PDL filters 
(a) 
 
(b) 
 
(c) 
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based on 77°-TFG and 79°-TFG.   As 1569 nm is very close to the edge of the gain 
window of EDF, the seeding FBG at this wavelength was fabricated almost twice 
stronger than other three seeding FBGs in order to achieve the laser oscillation at 
1569 nm. In fact the gain equalisation of EDF spectrum was achieved by adjusting the 
different reflectivity values for seeding FBGs. By adjusting the PCs to control the 
polarisation state of the light entering the 77º-TFG and 79º-TFG, single-wavelength 
lasing at either the four seeding wavelengths has been demonstrated. Figures 6.13 (a-
d) evidently show the single wavelength oscillation of the fibre ring laser at the four 
seeding wavelengths at 1547.05 nm, 1553.27 nm, 1563.05 nm and 1568.97 nm 
respectively.   
 
 
 
Figure 6. 13. Single  wavelength lasing  at (a) 1547 nm, (b) 1553 nm, (c) 1563 nm and (d) 1569 nm. 
 
 
We have also investigated the pumping efficiency for the EDFL system while 
operating at the single lasing oscillation of ~1553 nm.  To ensure a systematic study 
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of the laser’s characteristic, the same measurement of pumping efficiency was carried 
out for the single laser oscillation at ~ 1569 nm.  
 
 For this experiment while laser was oscillating at 1553 nm, first, the output of the 
ring cavity was connected to an OSA. Then the driven current to the 975 nm pump 
diode was gradually increased. When the current was below the threshold, we only 
saw the ASE broadened spectrum on the OSA and, as soon as the current reached the 
threshold, a narrow lasing peak at ~1553 nm occurring on the OSA was observed. At 
this point, the output terminal of the ring laser was disconnected from the OSA and 
attached to a power-meter via a pigtail fibre.  
We then recorded the output power of the laser for each driving current.  Figure 6.14 
plots the laser output against pumping current for the lasing wavelength at ~1553 nm.  
From the figure that the apparent pumping efficiency is about 1.95 µW/mA is 
estimated.  The same procedure was done for the proposed system while it was 
operating at 1569 nm.  The result is demonstrated in Figure 6.15 and presenting a 
different pumping efficiency of about 3.75µW/mA for the laser oscillation at 1569 
nm.  The increased value of pumping efficiency for this laser output can be explained 
by considering the fact that the corresponding seeding FBG at 1569 nm is almost 
twice stronger than the one relevant to 1553 nm oscillation of the laser output. 
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 Figure 6. 14. Output power against pump 
diode current for lasing at 1553 nm. 
 
Figure 6. 15. Output power against pump 
diode current for lasing at 1569 nm. 
 
The single polarisation state of the outputs for this fibre ring laser system has also 
been verified by connecting the laser output to a PC followed by a commercial 
polariser and a power-meter. The measured DOP was in the range of 30 dB (99.80%) 
to 35 dB (99.94%) for the lasing oscillation at four different wavelengths, indicating a 
very high degree of single polarisation operation of the laser system. 
Similarly, by adjusting the two PCs to change the PHB profile so the laser cavity, 
oscillation at double, triple and quadruple wavelengths can be achieved in this system. 
Three sets of dual-wavelength oscillations at 1547.06 nm/1553.27 nm, 1547.06 
nm/1563.07 nm and 1553.27 nm/1563.07 nm, are presented in Figures 6.16 (a-c) 
respectively
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Figure 6. 16. Demonstration of alternative dual-wavelength lasing at (a) 1547.06 nm/1553.27 nm (b) 
1547.06 nm/1563.07 nm  and (c) 1553.27nm/1563.07nm. 
 
Figure 6.17 (a-c) show three sets of spectra for triple-wavelength oscillations at 
1546.94 nm/1551.99 nm/1562.63 nm, 1546.94 nm/1551.99 nm/1568.89 nm and 
1551.99 nm/1562.63 nm/1568.89 nm.  
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Figure 6. 17. Triple wavelength oscillations at (a) 1546.94 nm/1551.99 nm/1562.63 nm (b) 1546.94 
nm/1551.99 nm/1568.89 nm (c) 1551.99 nm/1562.63 nm/1568.89 nm. 
 
By carefully adjusting two PCs the ring cavity will oscillate at quadruple lasing 
wavelength.  Figure 6.18 indicates the spectrum for a quadruple laser oscillation at 
1546.94 nm/1551.99 nm/1562.63 nm and 1568.89nm. 
 
 201 
1545 1550 1555 1560 1565 1570
-70
-60
-50
-40
-30
-20
-10
Tr
a
n
s
m
is
s
io
n
(d
B
m
)
Wavelength(nm)
Noise level
Side mode 
suppression 
level
 
Figure 6. 18. The quadruple wavelength lasing of the proposed system. 
 
All sets of single- and multi-wavelength lasing oscillations have been continuously 
monitored for 30 mins at the laboratory condition and room temperature for stability 
assessment.  No noticeable amplitude fluctuation was observed for the laser operating 
at single- and multi-wavelengths when the PCs were fixed at their positions during the 
experiment.  Figures 6.19 (a-d) are examples of the continuously monitored lasing 
profiles on the OSA for single and multi-wavelength lasing oscillations, showing no 
degrading of output amplitude.    
From these figures, the output amplitude variation for all different lasing oscillation 
sets: single, dual, triple and quadruple were measured to be less than 0.5dB within 30 
mins.  The line-widths of single and multi-wavelength laser output were measured to 
be less than 0.01 nm.  This value would be even smaller, if the employed OSA 
(ANDO 6317B) had a higher resolution. 
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Figure 6. 19. Stability measurement of (a) Single (b) Double, (c) Triple and (d) Quadruple lasing 
oscillations under the laboratory conditions & room temperature over 30 mins. 
 
The measurement shows that values of OSNR for single, dual, triple and quadruple 
lasing wavelength in our proposed system are about 63 dB, 54 dB, 53 dB and 50 dB 
respectively.   Also the SMSR value was more than 55 dB for single oscillation lasing 
wavelength and was measured to be about 50 dB, 48 dB and 40 dB for dual, triple and 
quadruple lasing oscillations respectively. Table 6.1 summarises these results.  
Oscillation 
wavelength 
Stability 
time SMSR OSNR 
Single 30 min 55 dB 63 dB 
Dual 30 min 50 dB 54 dB 
Triple 30 min 48 dB 53 dB 
Quadruple 30 min 40 dB 50 dB 
 
Table 6. 1. Summary of the measured technical values of the proposed TFG based fibre ring laser 
cavity. 
 
 
 
 
 
(a) (b) 
(c) (d) 
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6.2.3. Tuning and Sensing Capability of Proposed Laser Cavities 
 
So far we have only demonstrated single- and multi-wavelength operations at fixed 
wavelengths.  However, as the reflection bands of the seeding FBGs are much 
narrower than the loss peaks of the large angle TFGs, 77º-TFG and 79º-TFG, the 
proposed systems have the capability of wavelength tuning by tuning the Bragg 
wavelengths of the seeding gratings within the loss bands of the TFGs. If the seeding 
FBGs are subjected to the temperature and strain variations, their wavelengths will 
shift accordingly, thus the laser line can be varied.  This shows the tuneability of the 
proposed laser system and also its capability for sensing the temperature and strain 
changes imposed on the seeding FBG. Because the laser line is much narrower than 
FBG bandwidth, the laser sensing system should be capable of measurement of much 
higher resolution than directly using  FBGs as sensors.  
 
Considering the above fact, sensing capability of our proposed dual and quadruple 
wavelength laser ring cavities were investigated for the temperature and strain 
sensing.  To demonstrate this concept the dual wavelength laser system was made to 
lase at the single oscillation around 1548 nm and the seeding FBG with Bragg  
wavelength at 1548 nm was then heated up from 10 º C to 90 º C using a temperature 
controlled heater plate.   The red shifting of the laser output was clearly observed with 
increasing temperature.   Figure 6.20 (a) shows the temperature rising induced laser 
spectrum evolution while Figure 6.20 (b) indicates the laser output wavelength shift 
against the temperature.  A temperature sensitivity of 11.6 pm/ º C was estimated 
based on Figure 6.20 (b).  
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Figure 6. 20.  (a) Increasing temperature induced laser spectral evolution and (b) wavelength shift 
against temperature. 
 
 
The seeding FBG was also subjected to the strain variation using a micrometer fibre 
stretcher.  The applied strain was in a range from 0 µε to 8000 µε.  Figures 6.21 (a, b) 
present the results for the strain induced laser spectral evolution and the wavelength 
shift of the laser output against the applied strain, respectively. From the plot in 
Figure 6.21 (b), the strain sensitivity of the device is estimated to be about 0.9 pm/µε. 
  
 
Figure 6. 21.  (a) Strain induced laser spectral evolution and (b) wavelength shift against strain. 
 
A similar experimental procedure was made for the quadruple wavelength ring laser 
cavity.  The system was made lasing at single wavelength at 1562.27 nm and the 
seeding FBG with central wavelength at about 1562 nm was  subjected to rising 
temperatures from 0º C to 102º C  using a temperature controlled heater and we 
(a) (b) 
(a) (b) 
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clearly observed that the output of the fibre ring laser system shifted towards the 
longer wavelength side. Figure 6.22 (a) shows the temperature rising induced laser 
spectrum evolution and Figure 6.22 (b) plots the laser output wavelength shift against 
the temperature.  
 
Figure 6. 22.  (a) Increasing temperature induced laser spectral evolution and (b) wavelength shift 
against temperature. 
 
From Figure 6.22 (b) the temperature sensitivity of 11.7 pm/°C was estimated. This 
value is pretty similar to the temperature sensitivity of the dual wavelength ring laser 
cavity and also to the typical temperature sensitivity of FBG in this wavelength range. 
The selected seeding FBG was also subjected to the strain variations using a 
micrometer fibre stretcher. The strain applied to the seeding grating was from 0 µε to 
2324 µε. Figures 6.23 (a, b) give the results for the strain induced laser spectral 
evolution and the wavelength shift against the applied strain, respectively. From the 
slope of the plot in Figure 6.23 (b), we estimate the strain sensitivity of 0.85 pm/µm 
for the system. 
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Figure 6. 23. (a) Strain induced laser spectral evolution and (b) wavelength shift against strain. 
 
6.3.    Single Polarisation Fibre Ring Laser Using TFGs with small 
tilted structure [P1, P11]  
 
In this section, we demonstrate an optical fibre laser capable of emitting highly 
polarised light by using a slightly tilted (only by 9.3°) fibre grating structure as the 
intra-cavity polariser. In comparison with the laser system using 45°-TFG, this 
configuration benefits from high efficiency, simple structure, and easy and low cost 
fabrication process. 
6.3.1.  Polarisation characteristics of 9.3˚-TFG 
 
The non-isotropic nature of the optical fibre and the environmental perturbations 
enable the SMF-28 fibre to support two different polarisation modes.  As optical 
signals propagate through the fibre, their states of polarisation will evolve rapidly as 
one polarisation mode couples into the other.  Depending on their tilting angles, TFGs 
can be employed for the light coupling from the guided modes into the radiation 
modes which are polarisation sensitive.   
By optimising the TFG structure for a desired phase matching condition, the 
resonance of the radiation mode profile can cover the erbium fibre gain window (1500 
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nm-1580 nm). Because the mode coupling efficiency depends on the polarisation, 
TFGs with small tilted structures also exhibit significant PDL which may be used to 
discriminate lights with different polarisation states. Although the P-polarised light in 
small angle TFG will suffer larger loss in comparison with 45°-TFG, it should 
provide partial polariser function which may be utilised to realise single polarisation 
output for a fibre laser system.   For this experiment, a small angle TFG was UV 
inscribed in H2 loaded B/Ge fibre using scanning phase mask technique and 244 nm 
CW frequency doubled Ar+ laser.  For the fabrication of this TFG, a phase mask with 
a pitch of 1083 nm was rotated about 6.5˚ respecting to the fibre axis to produce a 
tilted structure of the grating at  ~ 9.3° in the fibre core.  This 9.3°-TFG gives a broad 
radiation spectrum centred around 1535 nm. The transmission spectra of this 
fabricated 9.3°-TFG are shown in Figure 6.24 and one may see the microscope image 
of the TFG from the inset in this figure. 
 
Figure 6. 24. The transmission spectra of the 9.3˚-TFG in air (multi-resonance) and immersed in index 
matching gel (solid line) and the inset shows the microscope image of 9.3˚-TFG. 
 
The multi-resonance profile in Figure 6.24 is the coupling of core mode to the 
backward propagating cladding modes, observed when the grating was measured in 
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air, while the smooth profile is the coupling to the radiation modes obtained when the 
grating was immersed in the index matching gel.  Furthermore, the 9.3°-TFG was 
characterised for its PDL value by employing a polariser and a PC between the BBS 
and the TFG itself, a similar setup as shown in Figure 6.2.   
By adjusting the PC, we induced the variations in the polarisation status of the 
launching light and the PDL of the 9.3°-TFG for two orthogonally polarised lights (P1 
and P2) were measured.  As it presents in Figures 6.25 and 6.26 (a-c), a maximum 
value of PDL difference of ~10 dB can be achieved in the range of 1480 nm - 1560 
nm  for this 9.3°-TFG. 
 
Figure 6. 25. PDL measurement for the 9.3º TFG while it was immersed in the index matching gel. 
 
We also examined the PDL response of this grating in a much broader wavelength 
range.  Figures 6.26 (a-c) show the PDL profiles (maximum and minimum for two 
different polarisations) when the grating was surrounded by air for zoomed short 
(1483 nm-1488 nm), medium (1537 nm-1543 nm) and long (1557 nm-1563 nm) 
wavelength ranges.  Although the PDL profiles are in multi-peak form, the PDL value 
(difference between maximum and minimum) is all about 10 dB, which agrees well 
with the measurement performed when the grating was immersed in index gel. 
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Figure 6. 26. PDL measurement for the 9.3º-TFG while it was surrounded by air in (a) short- 
wavelength range, (b) medium wavelength range and (c) long wavelength range. 
 
It is worth to notice that, although this 9.3°-TFG will provide a significantly high 
PER, there is still ~ 12dB radiation (or transmission) loss for P-polarised light (P1), 
whereas this loss for P-light is almost zero in a 45°-TFG structure [136]. 
 
6.3.2. Single polarisation output of fibre ring laser by using 9.3°-TFG  
 
 
 
The 9.3˚-TFG was inserted into a ring laser cavity similar to the previous experiments 
using large angle TFGs. The cavity contains a 10 m section of EDF, one OIS, one 
1480/1550 nm WDM to pump the ring laser with a 1480 nm diode and a 30:70 
coupler for the laser output.  A FBG with Bragg reflection at 1535 nm was fed to the 
(c) 
(b) (a) 
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cavity via a circulator as a seeding component to force the system lasing at 1535 nm.  
The schematic diagram of the proposed system is shown in Figure 6.27. 
 
Figure 6. 27. Schematic diagram of the single polarisation fibre ring laser system. 
 
By increasing the pump diode current to a threshold 80.5 mA, we started to see the 
lasing output on an OSA. In order to evaluate the polarisation state of the laser output, 
the maximum and minimum output on the OSA without incorporating 9.3°-TFG into 
the cavity was first examined using the setup shown in dotted box in Figure 6.27.  The 
result showed the PER of only about 2 dB for the ring cavity indicating a randomly 
polarised output of the system.  
We then inserted the 9.3°-TFG into the cavity and performed the same measurement. 
As shown in Figure 6.28 a PER value of 31.62 dB was achieved from such a laser 
system.  This value indicates that the laser output is almost in single polarisation state, 
which gives an apparent DOP in percentage term as high as 99.86%.   
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Figure 6. 28. Measured PER of the laser output oscillation at 1535 nm. 
 
Similar to the previous investigation on different ring laser cavities which have been 
mentioned in this chapter, the pumping efficiency for this system was also 
investigated while it was operating at the single lasing oscillation at ~1535 nm.   
 For this experiment while laser was oscillating, the output of the ring cavity was 
connected to an OSA. Then the driven current to the 1480 nm pump diode was 
gradually increased.  
For the current below the threshold level, only the ASE broadened spectrum was 
observed on the OSA and, as soon as the current reached the threshold, a narrow 
lasing peak at ~1535 nm occurring on the OSA was seen. At this point, the output 
terminal of the ring laser was disconnected from the OSA and attached to a power- 
meter so the output power of the laser for each driving current was recorded.  Figure 
6.29 plots the laser output against pumping current for the lasing wavelength at ~1535 
nm.   
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Figure 6. 29.  Pumping efficiency of the proposed ring laser cavity. 
 
 
From the figure we can estimate that the apparent pumping efficiency is 7.39 µW/mA.  
This value is almost 7 times bigger than the pumping efficiency of the cavities based 
on large angle TFGs using the same laser diode, indicating higher efficiency of this 
system. The higher pumping efficiency may be explained based on the fact that in this 
system, the cavity contains fewer components so will benefit from less insertion and 
splicing loss comparing with the earlier discussed ring cavities. 
 
The stability of the proposed system was also measured under lab condition and at 
room temperature for 30 mins. As shown in Figure 6.30 the single polarisation laser 
output was very stable as there was almost no noticed drop or changes over this 
examining period.   
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Figure 6. 30. Stability measurement of the single polarised laser output. 
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6.4.    Chapter Conclusion 
 
In this chapter, several novel techniques in realisation of single polarisation output 
switchable at single and multi wavelengths by using small, 45° and large TFGs as 
intra-cavity polariser and PDL filters are presented.  
The proposed and demonstrated laser systems were all made of single mode fibre so 
benefit from advantages of low splicing and insertion loss and due to the same reason 
they can be considered as low cost systems comparing with the other reported single 
polarisation ring lasers in which special types of fibre, like PM and multimode fibres, 
are used to maintain the single polarisation operation.   
 
The key fact of enabling single polarisation and wavelength switchable is the 
utilisation of unique polarisation properties of TFGs. We have demonstrated that a 
45°-TFG can act as an ideal in-fibre polariser with PER as high as 30 dB and it does 
not impose any loss to the P-polarised light. A small angle TFG, 9.3°-TFG, can also 
provide some DOP function. In our case, it preformed a 10 dB PER. However, in 
comparison with 45°-TFGs, the small angle TFGs will also induce significant 
transmission loss to the P-polarised light. Both 45°-TFG and 9.3°-TFG have been 
inserted into the fibre laser cavities as an intra-cavity polariser, resulting in single 
polarisation output with DOPs as high as 30 dB (>99% in percentage term).  The 
single and multi wavelength switchable function was realised by further incorporating 
TFGs with large tilted structures as PDL filters. When one such a grating, 77°-TFG, 
was used, single- and dual-wavelength operations were demonstrated. By inserting 
another large angle TFG, 79°-TFG, which provides two more polarisation loss peaks 
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at longer wavelength side, single, dual, triple and quadruple wavelength operations 
were demonstrated, showing impressive and versatile function. All single and multi 
wavelength outputs were monitored for stability at laboratory condition and no 
noticeable fluctuation was detected.  
 
Furthermore to evaluate the functionality of TFG based fibre laser systems, we 
investigated their tuning and sensing capability. As the seeding FBGs have narrower 
reflection peaks than the loss bands of TFG PDL filter, as we demonstrated, each 
operation wavelength can be tuned within the bandwidth of the TFG loss band. The 
system can also be used as sensing system as the laser output shifts with the 
temperature/strain induced wavelength change of the seeding grating. In comparison 
with the case of directly using FBG as sensor, the laser detection system should give 
high resolution measurement.  
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7.1. Conclusions 
 
 
This thesis was started with the review of the historical prospective of the 
photosensitivity mechanisms in optical fibres and a brief discussion on the reported 
photosensitisation techniques. An overview of mode coupling theory and phase match 
conditions for fibre gratings of different structures was also included in this study.  
The thesis has performed a systematic investigation on design, fabrication and 
characterisation of novel structure fibre grating devices including chirped, type I, type 
IA, TFGs, TCFGs, MCFBGs and microslot FBG in different types of fibre, and their 
applications in optical sensing and laser systems.   
Three UV inscription techniques – two-beam holographic, scanning phase mask and 
blank beam exposure phase mask scanning- and fs assisted chemical etching 
fabrication technique have been employed to write the advanced grating devices and 
sensitise their property to a wide range of physical and chemical measurands, 
including strain, temperature, bending and RI.  
The two-beam holographic method was introduced as a low-cost and flexible 
inscription system permitting grating fabrication with arbitrary wavelengths. Several 
FBGs with central wavelengths in the range of 1400 nm have been fabricated using 
the two-beam holographic method for telecommunication applications, which were 
supplied to internal collaboration projects.  The scanning phase mask technique has 
been employed to produce the majority of high quality and complex grating structures 
in this thesis. The most significant novel and complex grating devices fabricated by 
this technique are the tilted structured normal and chirped FBGs.  The tilted structures 
from a few degrees up to 81˚ have been realised with distinctive spectral properties, 
which have been utilised to realise in-fibre polarisers and PDL filters in the body of 
different fibre laser ring cavities.  The blank beam exposure phase mask scanning 
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method, in which a section of highly hydrogenated fibre is pre-exposed to UV 
radiation, has been proposed as an ideal inscription technique to fabricate type IA 
gratings in different types of fibre.  The technique benefits from achieving uniform 
high quality gratings with the least demand for highly stable apparatus over the 
prolonged exposure. This thesis has presented the detailed fabrication and 
characterisation process of type I-IA gratings formed in three different types of optical 
fibre - PS 1250/1500, B/Ge and SM 1500. A strong OH absorption band at 1400 nm 
region, which forms simultaneously with IA gratings, was shown for all three fibre 
types. The presented different strengths of absorption profiles for the three fibres 
indicated that the final shape is a combination effect of the fibre core dopants and the 
existing hydrogen level in the fibre. Thermal characteristics of the sensor comprising 
a standard Type I grating fabricated directly adjacent to a Type IA grating show a 
lower temperature coefficient by 1 pm/˚C. Novel work was presented by investigation 
of the hydrogen diffusion effect in different samples; the experimental data show a 
larger wavelength shift for Type I than Type IA grating written in the same fibre and 
kept under the same conditions over the same period of time.  
 
The in-fibre nature and high sensitivity of fibre grating devices make them as 
attractive and ideal optical sensors for structure health monitoring applications in 
airspace, maritime, civil and transportation engineering research.   Part of this thesis 
has presented the first time embedding of FBG arrays in Al matrix alloy composite by 
ultrasonic consolidation technique. These samples have been investigated for their 
thermal, loading and bending responses. The obtained results have clearly 
demonstrated the self-sensing capability of the embedded FBGs which would be 
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beneficial to a range of applications such as monitoring the operation and health 
condition of engineering structures.   
 
Another particular interest is to employ FBGs as bio/chemical sensors while chemical 
composition variations in the surrounding medium will result in the Bragg wavelength 
shift.  However, since to measure small changes in chemical/biological solution, it is 
necessary for the optical mode to penetrate evanescently into the surrounding medium 
solution, but the normal FBGs are intrinsically insensitive to RI measurement due to 
the mode coupling between well bounded core modes in this class of gratings.  As a 
solution, novel work has been demonstrated to sensitising fibre gratings by inducing 
microstructure. Fabrication of different size MCFBGs and a liquid core microslot- 
FBG employing the fs inscription aided chemical etching technique has been 
implemented. Characterisation of the proposed microstructed fibre grating devices 
presented not only the enhanced RI sensitivity but also the feasibility of simultaneous 
RI and temperature measurements.  As such devices exhibited a better mechanical 
strength than other reported approaches; they represent a more ideal structure for 
implementation of in-fiber bio-chemical sensors. 
 
Among all discussed grating devices in this thesis, those with tilted structures (TFGs 
and TCFGs) are counted as the most complicated elements which needed to be 
carefully studied. The experimental investigation on the structures, inscription 
methods and spectral, PDL and thermal characteristics of small angel TCFGs and 
TFGs with small, large and 45º tilted structures were demonstrated in this thesis. The 
phase matching conditions and associated coupling regimes for TFGs in single mode 
fibres were also examined. 
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Corresponding to the size of the tilt angles, three mode coupling regimes – backward 
cladding mode coupling, radiation out coupling and forward cladding mode coupling 
– have been clearly identified.  The comparative investigation of UV written TFGs 
and TCFGs with small tilt angles (up to 10˚) was proposed utilising phase mask 
fabrication technique and hydrogen loaded single mode optical fibres.  Spectral, 
thermal and polarisation properties of these gratings were systematically characterised 
and exhibited.  
We have developed and discovered novel applications for TFGs in realisation of 
single polarisation laser output  operating with switchable single and multi 
wavelengths in which the combination of small-, 45° and large- angle TFGs as intra-
cavity polariser and PDL filters was employed.   
It has been experimentally performed that due to the unique polarisation property, 
45°-TFG can perform as an ideal in-fibre polariser with PER value as high as 30 dB. 
The experimental data also showed the PER value of 10 dB for a 9.3°-TFG indicating 
the capability of providing polariser function to some extent.  Both, 45°- and 9.3°-
TFGs were employed as in-fibre polariser in the body of a ring laser cavity leading to 
a single polarisation laser output. It has been exhibited that further incorporation of 
large angle TFGs as PDL filters in the ring laser cavity results in realisation of the 
single and multi wavelength switchable function. 
The functionality of TFG based fibre laser systems has further evaluated in terms of 
the stability, tuning and sensing feasibilities. There was no major fluctuation noticed 
for single- and multi-wavelength laser operations at laboratory condition over the 
period of 30 mins.  Also owing to the relatively narrow reflection peak of seeding 
FBGs, it has been exhibited that each operation wavelength can be tuned within the 
bandwidth of the loss bands of TFG PDL filter.  Hence by subjecting the seeding 
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FBGs to the external changes such as temperature or strain, the laser output 
wavelength can be shifted and tuned.  
 
7.2. Suggestion For Future Research 
 
7.2.1. Further Investigation On Small Angle TCFGs 
 
7.2.1.1. Small Angle TCFGs For Strain and RI Sensing 
 
There is a wide range of reports in which FBG based sensors have been used for 
temperature, strain and micro-bending measurements.  Regardless of numerous 
advantages of FBGs over traditional optical sensors, temperature cross sensitivity 
error is a major issue when temperature and strain simultaneously affect an FBG.  
As it was discussed in section 3.4.3, TCFGs follow similar coupling mechanism to 
TFGs and the mode coupling occurs between the core and the radiation mode field in 
a contra-propagating direction. If the tilt angle is small enough, the light will be 
coupled in to both backward core and cladding modes and one can see both Bragg 
peak and radiation resonance profile in the transmission spectrum of TCFGs.  It is 
predicted that the radiation resonances are sensitive to the external perturbations. This 
can introduce a solution for temperature cross sensitivity problem as when the Bragg 
resonance is only sensitive to axial strain and temperature and the cladding mode 
resonances are sensitive to the external perturbations such as strain, temperature, 
bending, and RI measurands [139, 140]. 
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7.2.1.2. Single Polarisation Fibre Ring Laser Based on Small Angle TCFGs  
 
Referring to section 3.4.4, TCFGs with the external tilt angles ≥ 6˚ are polarisation 
dependent. Our experimental investigation indicates the higher PDL value for small 
angle TCFGs than TFGs with the same tilt angle. Also, stronger PDL is associated 
with grating having fringes more tilted. So it might be worth to investigate the 
characteristics of TCFGs with larger tilt angles.  
 Similar to what has performed in section 6.3 employing small angle TFG, it might be 
possible to incorporate the small angle TCFG as in fibre polariser into the body of the 
laser ring cavity.  Due to the relatively higher PDL value of TCFGs, a bigger DOP is 
predicted to be achieved for the laser output in such a configuration. 
 
7.2.1.3. Small Angle TCFG Based Side Detection Spectrometer 
 
 
TFGs are capable of coupling the light out of fibre core and based on this feasibility, 
small angle TFGs have been employed to realise the side detection spectrometers in 
several approaches [141].  In such an application, the detection dynamic range is 
limited to the radiation profile of TFGs and also the fibre should be immersed in 
index matching gel to achieve a smooth profile and tap the light out of the fibre.  In 
the case of small angle TCFGs, as it was explained in chapter 3, the loss peaks 
induced from the radiation mode out-coupling for different wavelengths are spectrally 
superimposed, resulting in one broad and almost smooth transmission loss peak and 
this radiation loss band becomes even broader with increasing tilt angle.   This broad 
radiation profile can provide the spectrometer a wider detection dynamic range and 
also as there is no need for gel immersion of the grating, so the proposed TCFG based 
spectrometer would benefit from a simpler and compact configuration. 
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7.2.2. Modified FBG Based Devices By Femtosecond Assisted Chemical 
Etching Techniqe 
 
7.2.2.1. Microslot Fabry Perot CavityFor RI Senisng  
Following our discussion in chapter 5 regarding the recent scientific attentions on the   
advanced micro-photonic structures employed for modern biomedical, chemistry and 
sensing applications and also the importance of the RI measurements, our proposed 
microstructuring technique based on fs laser inscription aided chemical etching has a 
huge potential for further development.  As an example, in-fibre Fabry Perot cavity 
can be simply formed by employing a pair of FBGs with different wavelengths which 
are written in the same piece of fibre and slightly apart from each other.  The created 
Fabry Perot resonances are intrinsically insensitive to RI of surrounding medium as 
the light is only confined in the core and there is no interaction between the 
evanescent field with the surrounding medium.  Inducing a small microslot in the 
Fabry Perot cavity may help these resonances to access to the RI solution making the 
proposed device a desirable and robust candidate for RI sensing in a range of 
applications. A systematic study including fabrication and characterisation of such 
devices having different size microslot is worth to be explored in future. 
 
7.2.2.2. Temperature-Strain Duality FBG Sensor 
 
At it was discussed in 7.2.1.1, the spectral response of FBGs to strain and temperature 
are usually mixed, and this cross-sensitivity error is a certain technical concern 
demanding for practical solutions. A range of solutions have been reported  in which 
FBGs with different characteristics were employed to offer different ratios of the 
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strain/temperature responses of each FBG [142, 143], but these ratio differences are 
generally low, providing a poor discrimination resolution.  LPGs are another solution 
as they are highly sensitive to temperature but not to strain [144], however their 
relatively large size makes them unsuitable for situations where miniature device is 
desirable.  
Also FBGs written in polymer optical fibres present a large thermal sensitivity [145]. 
Recently, Zhou et.al [146] have combined the FBGs in polymer and silica fibers for 
stain sensing with temperature discrimination capability by a large ratio.  That work 
can be further developed by making few samples of pair-FBGs in the same fibre and 
inducing microchannels of different sizes in one of the grating using the proposed fs 
inscription and chemical etching technique.  The microchannel then will be filled with 
polymer showing much higher temperature sensitivity than the normal FBG but still 
with similar strain response. So, the normal FBG can be used as a temperature 
reference sensor and such devices can provide a high resolution distinguish between 
temperature and strain sensing responses. A comparative investigation on such 
samples made of different size microchannels sizes and filled with various types of 
polymer is suggested to achieve the optimum results.  
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